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NOMENCLATURE
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NOMENCLATURE (cont.)
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0, Maximum chordside stress

Tir Long term root mean squared stress
g Stress range

o, Steel yield stress

T /T

g Brace inclination
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1. INTRODUCTION

1.1 General

Steei offshore jacket structures consist primarily of tubular
Jjoints which are formed by the intersection of brace and chord
members, with the outside diameter of the brace less than or
equal o the outside diameter of the chord.  The complex
intersection of tubular members gives rise to severe stress
concentrations which have been discussed in detail in Chapter 4.
Ucean waves Tcading such a tubular structure cause fluctuations
in the stress levels at the joint., leading te fatigue crack
arowth and eventual failure. Fatigue failure is defined as the
number of stress cycles (and hence the time) taken to reach a
pre-determined failure criterion.

- Fatigue failure analysis is by no means a rigorous science and
| | the 1dealisations and approximations inherent in it prevent the
o calculation of absolute fatigue life (time to failure) for even
» the simplest joint. Any fatigue analysis approach encounters at
. teast four areas of considerable uncertainty:

1. The operational environment of a structure and the
relationship between the environment and the actual forces
in a structure.

2. Tne internal stresses at a critical point in the structure
(around the intersection of the tubular joint, for example)
induced by external forces acting on the structure.

3. The time fo failure due to the accumulated siress history
at the critical point.

4. The definition of "failure’ used in design.

The potential for error 1in the above predictions clearly
preciudes the exact calculations of absolute time to failure.
Nevertheless, fatigue analysis is an important design tool for
the prediction of the relative magnitudes of fatigue lives at
potentially critical points. The calculated lives will enable
critical parts to be ranked in terms of fatigue sensitivity and
may be used:

a) to select joints to be used in studies on the consequences
of joint failure.

b)  to establish a priority basis for developing a selective
inspection programme to be followed during the service life
of the installation.

Two basic apgroaches are availablie for fatigue 1ife assessment
of structural components. The first method which is currently
in more general use relies on empirically derived relationships
between applied stress ranges and fatigue life (S-N approach).
This approach is discussed in this Chapter of the Design Guide.
The second method, described in Chapter 6. is based on linear
elastic fracture mechanics, which considers the growth rate of

C6060R09.07 Rev B September 1995 Page 1.1 of 1.8
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an existing defect at each stage in its propagation. Current
practice is o use the S-N approach for design and general
assessment, and the fracture mechanics approach for the
appraisal of existing joints with known defects.

i.2 Definitions

The S-N approach relates the number of cycles to "failure of
the steel section (N) o the critical ‘hot-spot” stress (S). It
has been found that in the range of stress where most damage
occurs under ocean wave Joading, there s an approximately
linsar relationshin betwesn 10a(S) and Tog{N). 1t should be
noted, however, that this linear relationship is not constant
for all steel attachments. but varies with the joint
classification (eg. brace/chord intersection, girth welds. plate
stiffener to member attachment, etc): environment (eg. air,
Seawater): post-welding treatment (eg. grinding. post weld heat
treatment. etc); and member size.

1.2.1 Joint failure

The term "joint failure’ is. in general, not taken to be the
compiete separation of two sections. since this would be a
function of the load applied and in most test situations is
difficult to achieve without varying the frequency and
directionality of Toading. Furthermore, from a structural
viewpoint complete separation represents loss of load path and
presents a connection that will be both difficult and expensive
to repair.

the four most commonly reported milestones in the life of a
tubular joint are:

N1 - Number of cycles to first detectable surface cracking by
whatever method employed.

NZ - Number of cycles to visible surface cracking.

N3 - Number of cycles to first through thickness cracking.

N4 - Number of cycles to end of fatigue test either due to
complete severance of the welded Joint or large loss of

stiffness.

Of these milestones N3, the number of cycles to first through
thickness cracking, has least dependence upon the experimental
monitoring equipment. the operator skill or test rig capacity.
In addition, there will nrobably be little loss of strength at
N3 and repair can be more easily determined and performed.

In most codes and in this Guide, N3 s taken to be the
definition of joint failure.

C6060R09.07 Rev B September 1995 Page 1.2 of 1.8
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1.72.2 Hot-spof stiress

The stress at any jocation on the joint (o) is defined as the
nominal stress (0...) factored by the stress concentration factor
(SCF) at that lecation, ie.

g =0 x SCF

QM

The hot-spot 1s éefined as the location (or locations) where
fatigue cracking is most likely to initiate. The term hot-spot
< often misused. in particular it is confused with the

-

]
inn of maximum stress on the joint or member.

For a simple tubular joint, the hol-spot stress is generally the
greatest value around the brace/chord intersection of the
extrapolation to the weld toe of the geometric stress
distribution near the weld toe. However, in more complex joints
where more than one fatigue classification may apply {eg. a
tubular joint with internal ring-stiffeners) the hot-spot may
rot be the Jocation of largest stress concentration. Therefore,
the maximum stress for each component within a joint or node
must be calculated and assessed separately.

The hot-spot stress definition favoured in this Guide
incorporates the effects of overall joint geometry (ie. the
relative sizes of brace and chord) but omits the stress
concentrating influence of the weld itself which results in e
Tocal stress distribution. Hence, the hot-spot stress s
considerably Tlower than the peak stress bul provides a
consistent definition of stress range for the design S-N curve.
In other definitions (eg. Marshall 1993) the SCF is defined to
include some of the local notch effects near the weld foe.

Further details of the definition and estimation of SCFs are
o given in Chapter 4. While no one SCF definition 1is ail
| | encompassing and therefore ‘correct’, it is very imporiant to
o note that there must be consistency between the SCF definition
- and the S-N curve to which it is applied. For example, a stress
o determined by the API method (APT 1993) should only be applied
L to the APL (or similarly defined) S-N curve and not to other S-N
curves (eg, HSE (1993a). DnV (1992), etc).

1.2.3 Stress range and ratig

The Toad range is defined as the peak -to-trough magnitude of the
applied loading, i€ Pou - Pran (where compressive load is defined
as a negative load), see figure 1.1. Similarly, the stress
range, Urarzge = Omax =~ Tmin-

For constant amplitude loading, the stress ratio, R. is defined

in this Guide as the minimum (trough) stress {(or load) divided
by the maximum (peak) stress (or toady.

ie R = Pmin/Pmax = Umin/amax ('1 = R = 1)

C6060R09.07 Rev B September 1995 Page 1.3 of 1.8
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The most common valuss for the stress retic, R, are either R = -
L which describes cyclic tQPCi?ef”G%prmﬁgivg Toad of egual
magnitude, or R = [ where the applied load/stress range is
always in either the tensile or compressive mode.

or variable amplitude loading this definition is often guoted
to describe the range within which the stress is varying.

Algebraic
MIENIMUm siress

+2r 1 ¢
1 _ Lo
+1//\\//\n/ﬂ\u/q\//\\/ +2

+2 L

JIAWAWAY

0[?\ /ﬁ\ /ﬁ\ /A\ = R
N VAR VAR VARY 3

i

+1 /ﬁ\ /F\ /p\ :1=w55

IRVAYAVA )
I\VAVAVAVAY

C}

Figure 1.1 Examples of various load range and ratio definitions
from Maddox (1991a)
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Constant and variable amplitude lgading

A loading process has constant ampiitude (CA) when the cistances
hetween successive peaks and troughs in the toading specirum are
equal, as illustrated in Figure 1.2(a), while a loading process
has variable amplitude (VA) when the distances Detween
successive peaks and troughs in the loading spectrum are not
equal. as illustrated in Figure 1.2(b) .

Amplituds

//
Iﬁi“ N i 7:7
\ v
Siress - / \\:j// ~ Constant amplitude
3

(a) Constant amplitude loading

|
/“/l [V/] A q
S o JANAIad! : :
ress LJ”/ L,\’\J/ v y Variable amplitude

(b) Variable amplitude loading
Figure 1.2 Examples of constant and variable amplitude loading

A number of different approaches have been developed for VA
loading with the aim of generating a cyclic stress which 1is
equivalent to a CA stress in terms of fatigue (eg. rainflow.
range-pair, reservoir, etc. see Maddox 1991a). In this Guide,
the root mean square (rms) amplitude of the stress process has
been used to characterise the random load spectra investigated.
as described in UKOSRP T (1988). This approach is simple to
describe and 1is independent of both the outcome of the
experiment and the siope of the S-N curve, but does not
generally equate to the CA S-N approach. Only the rms value of
the cyclic part of the curve is taken and thus the mean stress,
S,,. does not enter. For further details and an assessment of
this approach. see Section 6.3.
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random Toading patierns can be classed as broad-banded 1f the
energy is spread over a wide range of frequencies, or rarrow-
banded i the energy is concentrated close to a single
frequency. If the spectrum of a time record is broad-handed
then individual cycles in the record cannot be distinguished,
and some peaks of the record have negative values. it a
spectrum is narrow-banded then the record has the form of a
slowly modulated sinusoid, see Figure 1.3. The irreguiarity
factor can be used to categorise the Toading band. This factor
is defined as the number of positive-going zern Ccrossing points
divided by the number of maxima. as iilustrated in Figure 1.3

!ffu _MMMMM%AAAAMMAAM R
AL

Narrow-band random foad record from test machine
(frreqularity factor 0.99)

0 05
Time (s)

Computer generated broad-band random signal
(Irregularity factor 0.6)

Figure 1.3 Narrow band toading, broad band loading and irregularity factor
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1.3 Basic Fatigue Design Approach

To perform a Tatigue 1ife estimation for & given tubular joint,
a fatigue damage wmodel is wsed in conjunction with an
appropriate design S-N curve, where S is the total cyclic stress
range and N is the design tife,

An example S-N curve is presented in Figure 1.4. [t can be seen
that a linear relationship is generaliy assumed between the
natural logarithm of both the stress range and design life
narameters. The design S-N curves presented in guidance
documents are typically Dased on ¢ mean it to faligue test data
generated under constant amplitude loading conditions with a
safety factor applied to give g characteristic 5-N eguation.
The characteristic equation 1s generaily taken to be the mean
equation less two standard deviations. thereby implying that
approximately 2.3% of test data will fall below this tine
orovided that the database is sufficiently large and unbiased.

Therefore, for a tubular joint under constant ampiitude loading.
estimating the design fatigue life of the joint is simply a
matter of accurately determining the hot-spot siress range and
applying this value to the design S-N curve. It should be noted
that relatively small errors in determining the stress range can
Tead to significant errors in the estimated life, eg for an 5-N
curve with an inverse slope of m = 3 the error in the Tife 1s
the cube of the error in the stress range.

1000

100 T

Total cyciic stress range (N mm~— %

1 108 108 10 108 e
Design life N {cycies)

Figure 1.4 Example of S-N curve
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However, 1n-service loading, and thus the strass range on the
tubular joint. wiil be highly variable in magritude and random
in occurrence and therefore a fatigue damage model must he
adopted.  The favoured fatigue damage model within the fatigue
5-N _approach is that proposed by Palmgren-Miner's 1inear
cumuiative damage rule (abbreviated to Miner's rule) . which, in
essence, assumes that irreversible damage cccurs with each
& stress cycle and that damage accumulates Tinearly to a fixed
o tevel ab which point Tailure occurs (Palmgren (1924) and Miner
(1945)).  This approach is adopted in this Guids although its

validity 1s critically appraised in Section 6.3.4 of thic
{hapter.

Intially, the distribution of stress ranges applied to the
Joint must be accurately (or conservatively) estimated using a
cycte counting approach, as described in the following Section.
From this & histogram can be derived, yielding the number of
occurrences within a given stress range. For a particular
stress range, S;. the constant amplitude endurance. Ny 15 a
measure of the available damage at that stress level.
Therefore, if n, stress cycles are applied at a stress range of
5, then n,/N, x 100% of the joint Tife has been used up.

Fatigue failure occurs once the linear cumulative damage of
cycies in the variable amplitude Toading sequence has reached a
fixed Tevel,

je

where O, is the damage accumulation Timit, which should be taken
to be D, =1 if Miner’s law holds true. However, it should be
noted that the value of D, is sometimes chosen to reflect the
safety level for a particular Jjoint, for example where
inspection of the Jjoint may be difficult or impossible to
perform.
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2. METHODS FOR DETERMINING FATIGUE LIFE

2.1 Experimental Methods

Prior to the cyclic testing of tubular connections, a static
test will generally be performed to determine the hot-spot
stress{es) and its (their) Tlocation on the joint. Using an
appropriate mean S-N curve whenever possible. the joint fatigue
Tife for a given load range, or the load range required for a
given fatigue 1ife. should be estimated using the measured hot-
spot siress range. Tnis exercise is of particuiar value for Tow
stress - high cycle tests where test durations in excess of one
year have been required to achieve failure. The test can then
be designed to suit inspection intervals with cycling frequency
determined accordingly. Once under way. the output from the
strain gauges can be monitored to ensure that the stress range
is in accordance with that determined from the static test.

Initial crack detection (N1) may be electronically detected by
o the use of potential drop methods, time of flight diffraction
L techniques or a similarly proven method: or visually (N2),
1 enerally with the aid of a soap soiution applied in the region
while cyclic loading is being applied.
ese inspection methods are described in detail in Chapter 2 of
this Guide. Non-Destructive Examination (NDE).

Through thickness @ cracking (N3) may be determined via
visual inspection, the use of compressed air (withi led
member), or one of the alternative techniques ¢

The end of test (N4) varies between test programmes and
sometimes between individual tests within a single test
programme. Generally. the end of the test will represent either
compiete separation of chord and brace members or, at least
deflections that become too large to maintain the actuator
stroke at the appropriate load frequency. However, in some
cases, through thickness cracking may yield sufficient
1nfarmatioﬂ to halt the test, particularly on joints with long
jves.

2.2 Errors in Modelling Fatigue Behaviour

In S-N fatigue designi conservative assumptions tend to be made
for both the loading and resistance parameters. To date. few
studies have addressed the reliability of tubular joints to
fatique loading due to the complexity of the problem and the
number of variables that need to be considered.

The typical log-log relationship between the stress range and
the number of Joading cycles to failure implies that errors in
the measured stress range have a significant effect on estimated
Tife. but error in a given fatigue life will have relatively
Tittle effect upon the estimated stress range. The foltowing
checklist describes good practice in performing fatigue tests
and post-processing test data.
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SCFs should be measured on each joint rather than hasing
the hot-spot S5CF on one control specimen. or on an
empirical estimate of SCF.  Gross errors can result by
failing to identify the hot-spot location and the maximum
stress prior to the fatigue fest.

In Chapter 4 1t was reported that differences in SCFs of
+10% could be anticipated in steel joint tests.

The dimensions of all members should be measured on each
specimen since their values are required in determining the
stress range and scaie effect. In addition, weld profile
models should be given at the hot-spot and other key
locations on the Joint.

The error in basing the joint on nominal dimensions will
largely be a function of the specimen size. with larger
percentage errors associated with small scale tests. For
a brace of dimensions: d = 457 + 9mm and t = 16 + 1.6mm,
the error in cross sectional area and section modulus would
be around +10% and +14% respectively.

ihe Tinearity of the Toad and strain should be checked
prior to the test, although it should be noted that for
reversibie Toad (R < 0) there will tend to be some
discontinuity at the tension-compression changeover due to
play in the bearings.

The loading rig should be calibrated at the beginning of
any test programme thereby enhancing the accuracy of the
recorded ioad. Inaccuracies in the Toad and brace area or
section modulus should be significantly reduced by
measuring the nominal stress on the brace prior to the
fatigue test.

In general. fatigue lives are only expressed to three
significant figures since any further Tevel of accuracy
implies a consistency in fatigue results that cannot be
achieved. Therefore, inspection intervals should be set to
achieve this level of accuracy.

Key events in the joint fatigue life should be identified
at the periodic inspections. However. the probability of
detection of such events will depend upon factors such as
technician experience, joint complexity and environmental
conditions (eg. fully submerged in seawater). Furthermore,
failure to correctly identify the hot-spot location in the
static test will encourage inspection 1in the wrong
focation, thus emphasising the need to comprehensively
strain gauge the specimen prior to testing.

In presenting the data. it is typical to plot the stress on
the Y-axis and the Tife on X-axis, since time dependent
variables are traditionally drawn along the horizontal
axis.
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This would tmply a reiationship of L

1
by

G-
10G,6(S) = a - D 10g,0(N) + €4

where €5 1s the difference between the estimated stress and
that measured, Figure Z.1(a).

However. joint life is the dependent variable {ie. is a
function of stress range) and therefore the correct form of
the S-N eguation, as expressed in the design codes, is:

10g,,IN) = K - m 10G,0(5) + £y

where ¢, is the difference between the estimated fatigue
1ife and the measured fatigue 1ife, Figure 2.1(b).

Performing a linear regression curve fit to these two
expression will yield different curves, different
coefficients and different estimates of scatter (unless é€g
=gy = 0.

No studies have been published on the experimental errors
associated with fatigue tests. aithough the acknowiedged level
of uncertainty in fatigue testing generally requires several
tests on identical configurations to be performed at either the
same stress range or over a series of stress ranges.

[f the above uncertainties are combined to give an overall
inaccuracy in the measured stress range throughout the test of
+20%. then the spread of fatigue lives {assuming perfect
material behaviour and crack detection} would be around +70% Tor
typical stress ranges considered. Such a spread within one
programme of fatigue tests is not untypical.
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Figure 2.1 Comparison of statistical regression analyses with
either 10g(S) or Tog(N) as the dependent variable
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REVIEW OF EXISTING CODES FOR SIMPLE TUBULAR JOINTS

[

Tnis Section refers to fatigue S-N curves for simple tubular brace-chord
connections. Reference should be made to Section 10 for complex joints
and circumferential girth welds. .

The fatigue strength of tubular joints cannot, by the complex nature of
crack propagation, be defined by theoretical means. To derive &
guantitative app | Tor use in design it is necessary to conduct
experiments, and £g date all design codes hg o1 St

emoirical approach. B

The 1972 editions of API and AWS gave the Tirst recommendations for the
design of tubuiar joints against fatigue based on the use of S-N curves.
The curves were developed on the basis of two concepts. The first was an
attempt to define a brace nominal stress to correlate with failure, while
the second concept successfully correlated fatigue data with the nhot-spot
stress of the joint. The data used to obtain the S-N curve (called the
X curve in the two documents) was obtained from small specimens tested in
air under constant amplitude loading. In the 1970s this curve became the
most widely used S-N curve despite the caution expressed by the AWS code
at that time that "calculated fatigue lives based on the proposed curves
shouid be viewed with a healthy amount of scepticism and should be used
more as design guidance than as an absolute requirement

In 1984, following the completion of a large European fatigue test
programme the UK Department of Fnergy (DEn 1984a) . published a more
comprehensive set of S-N curves and factors covering environment, post-
fabrication treatment and stress range. (nb. the UK Health and Safety
Executive, HSE, is now responsible for offshore safety in the UK). The
T curve was derived specifically for tubular joints based on these data
with both mean and design curves specified. These curves were based on
a slightly different definition of SCF which
aimed at removing any notch stress from t a an providing for
these effects in the S-N curves themselves. The T curve is currently the
most widely used fatigue curve and is the one given prominence in this
Guide as it is based on the definition of SCF recommended in Chapter 4
(nb. this SCF definition was preferred primarily because most published
fatigue data follows this approach).

These two approaches and the main national codes that follow these
approaches are discussed in the following Section. It should be noted
that both these sets of S-N curves are largely based on small-scale
specimens tested in-air under constant amplitude loading.

3.1 DEn T Curve Approach

The DEn T curve (DEn 1984) was primarily based on results from
European research programmes performed in the early 1980°s. and
forms the basis of the recently superseded UK HSE (1993). the
DnV (1992) and the Canadian codes (CAN/CSA 1992) for tubular
Joints fatigue 1ife assessment at the brace/chord intersection.
For non-tubular components., such as welded stiffeners or
attachments, a series of S-N curves 1is given under the
classifications: B, C, D. E. F, F2. 4 and W. The
classifications applicable to tubular connections are given in
Appendix A.
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The basic design S-N curves (N < 10%) are a1l described by the

form:
10G:6(N) = K - do - m 10g,0(Sy)
where K is the constant
m 15 the inverse siope of the S-N curve
d is the number of standard deviations below the mean
thus typically d=0:d=2 are the mean:design curves
and o 1s the standard deviation of Tog(l)

For the quoted joint classifications the parameters K. m and o
are specified as foliows:

CLASS K a m

T 12.6606 0.2484 3.0

B 15.3697 0.1821 4.0

C 14.0342 0.2041 3.5

D 12.6007 0.2695 3.0

E 12.5169 0.2509 3.0

. F 12.2370 0.2183 3.0
- F?2 12.0908 0.2279 3.0
G 11.7525 0.1793 3.0

W 11.5662 (.1846 3.0

For full details on the strategy and development of the tubular
T S-N curve, reference should be made to the 'Background to new
fatigue design guidance for steel welded joints in offshore
structures’” (DEn 1984b).

amendments to their Guidance
ular S-N curve to the T' curve
and combining the various plate curves into a single P curve
with factors applied depending upon the fatigue classification
(H Details of the derivation of the T curve are given
in atigue background guidance document™ (MaTSU 1992).

K Is m

T 12.942% 0.2330 3.0
P 12.6007 0.2095 3.0

CLASS CLASSIFICATION FACTOR
(stress range modifiers)
0.64p
0.768
1.008
1.148
1.348
1.528

1.838

B

u : curve has been modified and therefore
this Tactor does not correlate with the current W curve.
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3.1.1 UK Health and Safety Executive Guidance Notes (HSE 1383)

The current HSE Guidance Notes (HSE 1993) represent the latest
version of the original DEn Guidance Notes (DEn 19843) and their
hackground {Dbn 19845) .

General considerations

The HSE state that "Stresses may also be reduced by increasing
the thickness of parent metai: this should improve fatigue Iife
but 1t should be remembered that fatigue strength tends to
decrease with increasing thickness. The eaffectiveness of
cathodic protection is also an important factor influencing the
fatigue behaviour of structural steels in sea water but 71t
should be noted that over-protection may be detrimental.’

The HSE note that every welded joint or other form of stress
concentration is potentially a source of fatigue cracking and
each should be individually considered. In assessing fatigue
performance all types of cyclic loading should be considered,
with cyclic Tloading from different sources potentiaily
significant at different phases of the 1ife of a structure (eg.
construction. transportation, instatlation, in-service. etc).

Unless otherwise agreed, the calculated fatigue 1ife should be
the required service 1ife {at least 20 years). Normally dynamic
amplification should be considered when the natural period of
the structure is greater than three seconds.

An additional factor on 1life should be considered for cases of
inadequate structural redundancy. and account should be taken of
the accessibility of the joint and the proposed degree of
inspection as well as the consequences of failure. However, no
specific factors are recommended in the Guidance Notes.

Stresses to be considered

- It is assumed that it is only necessary to consider ranges of
. cyclic stress in determining the endurance (ie. mean stresses
< are neglected). The hot-spot stress is defined by the HSE as
the greatest value around the brace/chord intersection of the
extrapolation to the weld toe of the geometric stress
distribution near the weld toe.

Stress ranges for post-weld heat treated joints should be
assumed the same as for as-welded joints. The use of full
penetration welds is recommended for all nodal joints.

Basic design 5-N curves

The design T S-N curve s applied for tubular joints which are
either in-air or exposed to seawater but adequately protected
from corrosion. For unprotected joints exposed to seawater the
basic S-N curve is reduced by a factor of Iwo on life.

A number of factors should be considered in using the basic HSE
T design S-N curve:
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Wniie an endurance 1imit is noted for.CA loading at around
N = 107 cycles, 1t is felt that under VA 1oadzng the
endurance 1imit may vary. HSE represent this uncerfaEP ty
by a change of slope fromm=3 tom=5 at N = 107

e Treatment of low stress cycles

This correction does not apply in the case of unprotected
Joinis In seawaler.

L Treatment of high stress cyeles

@y

For high stress cycles the design S-N curve should be
limited to a stress range equal to twice the materiai yield
stress (20,). where g, < 400 N/mm?.

. Effect of plate thickness

basic S-N T curve relates to 32mm thick members. For
ubtilar joints of other thicknesses correction factors on
Tife or stress have to be applied to produce a relevant S-N
curve. The correction on stress range is of the form:

§ = Sg(32/1)%%

S is the fatigue strength of the joint,

Sa is the fatigue strength of the joint using the basic
S-N curve,

t is the actual thickness of the member under
consideration (nb. t,, = 22mm).

. Weld improvement

For welded joints involving potential fatigue cracking from
the weld toe an improvement in strength by at least 30%,
equivalent to a factor of 2.2 on life, can be obtained by
controlled local machining or grinding of the weld toe.
However, it 1is recommended that no advantage for toe
grinding should be taken at the initial design stage and
only joints adequately protected from corrosion can receive
this benefit.

This is normally carried out either with a rotary burr or
by disc grinding. The treatment should produce a smooth
concave profile at the weld toe with the depth of the
depression penetrating into the plate surface to at least
{.5mm below the bottom of any visible undercut and ensuring
that no exposed defects remain. The maximum depth of Tocal
machining or grinding should not exceed Zmm or 5% of the
plate thickness.

Damage calculation

For each potential crack location the long term distribution of
relevant stress ranges should be established and the calculated
fatigue 1ife estimated by consideration of cumulative damage.
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The DnY Rules for Classification make brief direct reference o
fatigue of tubular Jjoints. Sections B400 and C400 cover the
Fatigue Limit State (FLS) for design by partial coefficient and
allowable stress methods respectively. The fatigue criteria is
based on the Palmgren-Miner rule such that F(n/N) = 0,. where the
cumulative damage ratio to be used in the design s dependent
upon the access for inspection and repair as specified below.

Lo
s
I

pet riorske Veritas Rules (DnvV 199

i

Cumulative Damage Ratios (D)

No access for Below or in the Above the
inspection and splash zone * splash zone
repair
0.33 0.5 1.0

* In typicaliy harsh environments (eg. the North Sea)
structural details exposed to seawater in the splash
zone are normally to be considered to have no access
for inspection and repair.

If failure of a member or joint caused by fatigue may result in
progressive collapse, a reduction of the cumulative damage
ratios beyond these values is to be considered. Such reduced
cumutative damage ratios are to be approved by the Society.

Section E600 addresses the fatigue strength of tubular joints.
This section gives general guidance on designs to be avoided and
methods for increasing fatigue 1ife in-service via grinding.
DnV note that designs which are sensitive to the quality and
accuracy of workmanship are to be avoided.

The following measures may be considered to improve the fatigue
design life of tubular joints:

a) Avoiding gussets and stiffeners creating local points of
high rigicity.

B)  To grout reinforce the chord.

c) To grind the weld toe including the adjacent parent
material to remove the surface defects created by welding.
Such grinding is to be carried out according to a
recognised standard.

(Note: Increase in fatigue life due to grinding is not
normally accounted for at the design stage. In-service,
grinding carried out according to a recognised standard may
be accepted in order to increase fatigue life).

d) To locate the welded joints outside the areas of high

stress  concentration. This may be achieved by
incorporating forgings or castings.
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he user is referred to Classification Note No. 30.2 for further
uidance, OnV (1984). The introduction states that the fatigue
test analyses are based on the DEn Guidance (DEn 1984a). and
therefore the basic design T curves in-air and in-seawater with
adeguate CP are identical to that specified by the HSE. For
unprotected joints in seawater the S-N curve is reduced by a
factor of two on 1ife.

Ty e

] Treatment of low stress cycles

For joints exposed to seawater with adequate cathod
protection (CP). an endurance 1imit (5,0 at N = 2 x 1
cycles s proposed so that stress range levels below 5, do
rot contribute to Tatigue damage.

For joints in-air. a change of slope fromm =3 tom =15 is
recommended .

No change in slope is described for joints exposed to
seawater with inadequate cathodic protection.

. Treatment of high stress cycles

[t is stated that the yield stress of the material should
not exceed 400 N/mm*. However, no specific guidance on an
upper stress range is given.

* Effect of plate thickness
For thicknesses of Joints other than that included
in the basic S-N curve, oditication on stress is carried
out such in the same manner as for the HSE code (f ).

ia.
S = S4(32/t)%%

In the DnV code. there does not appear to be a minimum
thickness specification.

. Weld improvement

With regard to weld profiling, DnV note that the effect of
weld profiling giving the weld a smooth concave profile
compared to the typical triangular or convex shape may
increase the fatigue life. Thus, provided weld profiling
is carried out, an X curve in line with APT RPZA (API 1993)
may be accepted instead of the T curve.

For joints in seawater with adequate CP grinding may be
used, once in-service, to enhance the joint Tife. A factor
of two on 1ife can be obtained by controlled 7local
machining or grinding of the weld toe. This is normally
carried out by a rotary burr. The treatment should produce
a smooth concave profile at the weld toe with the depth of
depression penetrating into the plate surface to at Teast
0.5mm below the bottom of any visible undercut. The
maximum grinding depth should not exceed Zmm or 5% of the
plate thickness. whichever is smaller.
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Canadian code (CAN/CSA 1992

The Canadian code largely follows the requirements of the UK HSE
Guidance Notes (HSE 1993). Under the 'General’ heading it is
noted that members and connections subjected to fatigue Toading
shall be designed, detailed and fabricated so as to minimise
stress concentrations and abrupt changes in cross-section.

The design 1ife shall be the greater of 20 years or the required
service iife.

[t 1s noted that the Timit damage ratic. D,, depends upon

a)  the safety class of the structure.

D) the consequence of failure,

c)  the importance of a particular construction detail,

d)  the access for inspection and repair.

The 1imit damage ratio is given by D, = a'f", where o is g
factor that depends on the safety class of the structure and the

importance of the particular construction detai) analysed. and
§' is a factor depending upon access for inspection and repair.

Damage factor, o’

Importance of structural detail

Safety class

of structure Minor Major
1 1.0 0.5
2 1.0 0.5

Damage factor, g

Access for inspection and repair

No access Poor access Good access
0.2 0.6 1.0

Dynamic amplification shall be considered in the calculation of
the fatigue stress spectrum when considered significant.

Joint classification and stresses to be considered

ATT full penetration tubular joints are classified in accordance
with the T curve.

Stress ranges for post-weld heat treated joints are taken to be
the same as for as-welded joints.
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. Treatment of low stress cycles

For joints in-air. a ghange of sicpe fromm=3tom=5 is
recommended at N = 107 cycles.

Joints exposed to segwater withou
_Change in slope is taken.

0

hange

T : = R S o
. ‘reatment of high stress cycles

No specific guidance on an upper siress range is given.

L] Effect of plate thickness

For thicknesses of tubular joints other than that included
in the basic S-N cur modification on siress is carried
out in the same manner as for the HSE code, ie.

S = Sg{32/t)%%

° Weld improvement

Credit for beneficial treatment of welds may be taken.
subject to satisfactory documentation of the proposed
procedure and the change in damage ratio.

3.1.4  The HSE Proposed Revisions to Fatique Guidance (f

The UK HSE is currently revising some sections of 1ts Guidance
Notes, summarised in Section 3.1.1 (HSE 1993).

revisions have been made f .
clauses are proposed for h bolts and
threaded connectors. moorings, fatigue performance of repaired
Jjoints and fracture mechanics

Stresses to be considered

Proposed Guidance (H ) adds a clause regarding mean
stresses and PWHT. For PWHT Joints the fatigue performance may
improve as the load applied becomes more compressive. However,
under purely tensile loading the fatigue performance should be
regarded as that for as-welded joints. It is recommended that
for PWHT joints., no advantage in terms of fatigue performance
should be taken at the design stage.

In addition to the clause stating that the stress range for PWHT
should be the same as the as-weided case, the Proposed Guidance
states: "However, in the event that it can be demonstrated using
validated techniques that a compressive component of the
combined applied and residual stresses exists and can be
quantified. 1t would be permissible to assume a stress range for
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fatigue of the tensile component plus 60% of the compressive
component . fo ensure the effectiveness of post-weld heat
treatment. the process should be carried out in accordance with
accepted standards (eg. BS 5500).°

In addition to the statement on full penetration welds:  ’In
load-carrying partial penetration or fillet-welded joints. where
cracking could occur in the weld throat, the relevant stress
range is the maximum range of shear stress in the weld metal

In the current HSE Guidance Document (HSE 1992) nodal joints are
specifically covered, although this section only really covers
simple and overlapping joints, given the data available.  The
Proposed Guidance (HSE 1995) gives more in-depth coverage:
Simple nedal Jjoints are defined as being non-overlapped.
unstiffened, ungrouted and uniplanar. Complex nodal joints
incorporate overlapping braces. stiffening or grout in the chord

= and may have braces in several planes (ie. multiplanar).

The recommended SCFs for simple joints, and the effect upon the
hot-spot stress of overlapping braces, ring-stiffening, grouting
and cast joints is addressed. Reference is made to either an
Appendix of SCF equations or to the Background Document to
Fatigue Guidance (MaTSU 1992). see Chapter 4.

Joint classification

For the purpose of fatigue design, welded joints are divided
into several classes, as illustrated in Appendix A.

A1l tubular joints are assumed to be in Class T'. Other types
of joint, including tube to plate. may fail in one of several
classes depending upon:

a) the geometrical arrangement of the detail

B)  the d;rection of the fluctuating stress relative fo the
detai

C)  the method of manufacture and inspection of the detail.

Basic desian S-N curves

The proposed design S-N T° curves for tubular joints in-air is:
10016(N) = 12.476 - 3.0 10G:(Ss) (Sg in N/mm?)

For piate and tubular joints exposed to seawater but protected
from corrosion, fatigue lives are reduced by a factor of two
(except at low stress ranges).

For tubular joints exposed to seawater but without adequate
corrosicn protection, fatigue Tives reduced by a factor of three
from the in-air curve.

A number of factors should be considered when using the basic
design T° S-N curves for welded joints.
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Py Treatment of low stress cyrles

ASE propose a change of siope on the S-N curves fromm = 3
tom=5, for in-air and in-seawater with adeguate cathodic
protection. However, unlike previous guidance, this change
of slope is a function of the stress range rather than the
number of cycles.

In-air the change of siope occurs at a stress range of 67
N/am® (T = 16mm). while in seawater with adequate cathodic
protection the change of slope ocours at 5 strecs range of
95 N/mm? (T = 16mm).

This correction does not apply in the case of unprotected
Joints in seawater.

] Treatment of high stress cycles

e Effect of plate thickness

The basic design S-N curves are applicable to thicknesses
less than the basic thickness, which for the T° S-N curve
15 16 mm.

For members of greater thickness, a modified S-N
relationship applies as follows:

S = Su(16/t)%%

where
S is the fatigue strength of the joint,

Sa is the fatigue strength of the joint using the basic
S-N curve,

t is the actual thickness of the member under
consideration (nb. t,, = 16mm).

Other thickness correction relationships may be used if

they can be justified by data from a validated test
programme or by fracture mechanics analysis.
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& Weld toe improvement

‘For welded joints an improvement of 2.2 on life can be
obtained by controlled local machining or grinding to
produce & smooth concave profile at the weld toe which
biends smoothly with the parent material. This benefit may
be claimed for weided joints in air and for Joints in
seawater Wwith adequate protection against corrosion.
However, it is recommended that this advantage should not
be utilised at the initial design stage .

L. The maximum depth o

g ed 2 mm or 5% of the plate
thickness, whichever is less. It is recommended that the
final grinding operation should be carried out using a
rotary burr to provide a generous radius to blend with the
surrounding material. An appropriate NOE technique eg. BS
6072 should be used to ensure that no Significant defects
remain after grinding. Where appropriate. the final ground
surface should be suitably protected in order to avoid
local corrosion pitting prior to the application of
cathodic protection’.

other weld improvement techniques such as hammer or shot
peening can also enhance fatigue life. Any advantage in
terms of improved fatigue performance as a result of using
these technigues should be justified by evidence obtained
from a vaiidated test programme’ .

It should be noted that no benefit from toe grinding or
other weld improvement techniques should be assumed for
unprotected joints in seawater.

stress Concentration Factors

For simple tubular joints, either the Efthymiou (1988) or the
Smedley/Fisher (1991a) SCF equations may be employed. although
there are specific configurations/Joadcases that a given
equation may not be acceptable.
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Depth of grinding should be
G.5mm below bogom of any
visible undercut.

Depth of grinding should be
051 below bortom of any
visible undercut

Maximum depth of grinding
into parent plate 2.0mm or
0.05t (whichever is less)

-—.--”-.....
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Fatigue performance of repaired joints

A cetailed appraisal of repairs to tubular joints damaged by
cyclic loading is given in Chapter 7 of this Guide.

It should be noted that repair to original standards may not be
sufficient to achieve an adequate level of structural safety.
The discovery of fatigue damage, particularly if it has occurred
rapidly or unexpectedly. may indicate the need for a wider
reappraisal of the fatigue performance of the structure.

Welded joints may be repaired by either: repair welding. repair
welding and grinding. or bolied clamps.

3.2 API X Curve Approach

The X and X' curves (API 1993) are based on a lower bound to a
database of tubular joint results. These data cover all joint
types and environmental conditions. The only difference, and
hence the two S-N curves. being the weld treatment.

The X-curve is applicable for welds with profile control and
having a brace thickness less than 1 in. (25mm).

X: 100,0(N) = 15.063 - 4.38 10G,4(Ss) (Se in N/mm?)

The X* curve is applicablie for welds without profile control,
but conforming to a basic standard flat profile, AWS (1992).

X' 10956(N) = 13.396 - 3.74 109,,(Ss) (Sy in N/mm)

The forerunner of the X curve was the Q curve which is stiil
accepted by Lioyd's Register (Lloyds 1989).

3.2.1 American Petroleum Institute - APT RPZA (API 1993)

In 1993, revised S-N curves were published for tubular
connection design, including both size and profile corrections.
these provisions are included in both the working stress and
LRFD versions of the API RPZA code and essentially follow the
1986 AWS provisions (AWS 1992), with implementation by API
delayed until 1993 while confirmation tests were performed.

Section 5, Fatigue, of API RP2A covers: fatigue design, fatigue
analysis, S-N curves for all members and connections. except
tubular connections, S-N curves for tubular connections, stress
concentration factors.

A detailed commentary on fatigue is incorporated at the back of
the API RPZA document and gives an overview of the development
of AP] Guidance on fatigue, defines terms relating to fatigue
and gives background details to the five fatigue sub-sections.
Those parts relating to tubular joint fatigue design and
analysis are reproduced in summary form.
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ratigue desian

APT RPZA states that a detailed fatigue analysis should be
performed for template type structures with a spectral analysis
technique recommended, aithough other rational methods may be
used provided adequate representation of the forces and member
responses can be shown.,

In Tieu of detailed fatigue analysis. simplified fatigue
analyses, which have been calibrated for the design wave
climate., may be applied to tubular joints in template type
platforms that: )

1} Are in less than 400 feet (122 m) of water.
2} Are constructed of ductile steels.

3)  Have redundant structural framing.

4)  Have natural periods less than 3 seconds.

Fatigue analysis

A detailed analysis of cumulative fatigue damage should be
performed as follows:

a}  The wave climate should be derived as the aggregate of all
sea states to be expected over the Tong term.

b) A space frame analysis should be performed to obtain the
structural response in terms of nominal member stress for
given wave forces applied to the structure. A general wave
force caiculation procedure is then described in API RP2A.

C) A spectral analysis technique should be used to determine
the siress response for each sea state. Dynamic effects
should be considered for sea states having significant
energy near a piatform’s natural period.

d) Local stresses should be considered in terms of hot-spot
stresses located immediately adjacent to the joint
intersection using suitable SCFs. The microscale effects
occurring at the toe of the weld are reflected in the
appropriate choice of the S-N curve.

e) For each location around each member intersection of
interest in the structure, the stress response for each sea
state should be computed, giving adequate consideration to
both global and local stress effects.

f)  The stress responses should be combined into the long term
stress distribution, wnich should then be used to calculate
the cumuiative fatigue damage ratio, D, = Z (n/N).

In general the design fatigue life of each Jjoint and member
should be at Tleast twice the intended service Tlife of the
structure (ie. Safety Factor = 2.0). For the design fatigue
life, D, should not exceed unity. For critical elements whose
sole failure could be catastrophic, use of a larger safety
factor should be considered.
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S-N_curves for tubular connections

APL states that for tubular connections exposed to variations of
stress due to environmental or operational loads. the X and X'
curves should be used. These curves are applicable to random
ioading and presume effective cathodic protection in seawater.
(Connections in the splash zone should generally be avoided.)

The X-curve is applicable for welds with profite control and
having & brace thickness less than 1 in. (Z25mm). For the same
controtled profile at greater wall thicknesses, the recommended
scale effect correction should be used unles grinding s
performed. However, scale effect reductions below the X' curve
are not required.

1y D

The X' curve is applicable for welds without profile control,
but conforming to a basic standard flat profile (AWS 1992) and
having & brace thickness less than 0.625 in. (16mm). For the
same flat profile at greater wall thicknesses the scale effect
correction below should be used. However. the X' curve may be
used for unlimited branch thicknesses provided the profile
control requirements are satisfied.

® Treatment of Tow stress cycles

The endurance Timit for the basic X and X' S-N curves
occurs at 2 x 10% cycles. However. for tubular connections
in-air, the endurance 1imit for the X curve may be assumed
to be at 107 cycles. For splash zone, free corrosion, or
excessive corrosion conditions no endurance 1imit shouid be
considered.

. Treatment of high stress cycles

The allowable peak hot-spot stress, S,. is determined as a
function of water depth, member location, S-N curve and
design fatigue life. Figure 3.2 illustrates the maximum
a@llowable hot-spot stress for 40 year and 100 year design
Tife (at least twice service life), for waterline members
and other members, for the X curve, Figure 3.2(a). and the

X" curve, Figure 3.2(b).

The allowable hot-spot stress range S, = S, {1-R), where R
is the stress cycle ratio. Typical values of R range from
-0.15 to -0.50 and are dependent upcn the water depth.

* Effect of plate thickness
The scale effect correction is:
allowable stress = S (t/t,) %%

is the aliowable stress from the S-N curve,

is the brace member thickness (z t_),

1s the Timiting brace thickness

(Z5mm for the X curve and 16mm for the X' curve).

o+ ot
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® aeid 1mprovement

For branch thicknesses greater than 1 in. (25mm). the ¥-
curve may be used without scale effect provided the profile
s ground smooth to a radius greater than or equal to half
the branch thickness.  Final grinding marks should be
transverse to the weld axis and the entire finished profile
should pass magnetic particle inspection.

Stress concentration factors

The X and X' curves should be used with hot-spot stress ranges
based on suitable SCFs. SCFs may be derived from finite elemant
analyses. model tesis or empirical equations based on such
methods. In API RP2A, the Kellogg (1956) SCF expressions are
favoured, with stresses sampled 0.1(rt)°® from the weld toe.
Therefore, this definition of SCF differs from that recommended
in Chapter 4 of this design guide.

3.2.2 American Weiding Society Structural Welding Code (AWS 1992)

The fatigue behaviour of tubular structures is addressed in
Section 10.7 of the ANSI/AWS D1.1-90 structural welding code and
substantiated in Commentary C10.7 (AWS 1992). Several S-N
curves are defined for tubular T. Y or K connections based on
data_from circular sections originating from work by Marshall
and Toprac (1974).

In defining fatigue. this code states that ‘Fatigue. as used
herein, is defined as the damage that may result in fracture
after a sufficient number of stress fluctuations. Stress range
s defined as the peak-to-trough magnitude of these
fluctuations. In the case of stress reversal. stress range
shall be computed as the numerical sum (algebraic difference) of
maximum repeated tensile and compressive stresses, or the sum of
shearing stresses of opposite direction at a given point,
resulting from changing conditions of load. In the design of
3 members and connections subject to repeated variations in live
L load stress. consideration shall be given to the number of
- stress cycles, the expected range of stress. and type and
Jocation of member or detail.’

For the fatigue summation model, AWS state that: ‘Where the
fatigue environment involves stress ranges of varying magnitude
and varying numbers of applications. the cumilative fatigue
damage ratio, D,. summed over all the various loads. shall not
exceed unity, where D, = I (n/N). For critical members whose
sole failure mode would be catastrophic, D shall be limited to
a fractional value of 1/3.°
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AWS provides g series of stress categories related to particular
5-N curves. The S-N curves for simple welded Joints are the X,
() and X, (X') curves. It is recommended that curve X, should
be used where hot-spot stresses are known and welds are profited
S0 as to merge smoothly with the adjoining base metal. The
Tower X, curve applies to joints where hot-spot stresses are
known but without smoothly profited welds. Curves Xyoand X,
equate to the API X and X' S-N curves. although AWS specify that
the API adopted cut-off of 200 million cycles need not he
applied to AWS.

—~

The other S-N curves are classified as follows:

Ky Simple 7, Y, and K connections in which y = 24, Punching
shear for main members: for chord members (y > 24) reduce
allowable stress in proportion to (24/1)°%7. Where actual
SCFs or hot-spot strains are known, use of curve X, or X,
1s preferred.

Kz As for K,, except no improved weld profile.

DT Connections designed as simple T, Y. or K connections with
complete joint penetration groove welds. * If actual SCFs or
hot-spot strains are known. use of curve X, or X, s
preferred. (nb. main member must be checked separately per
category K, or K,.)

ET  Simple T, Y. and K connections with partial penetration
groove welds or fillet welds. If actual SCFs or hot-spot
strains are known, use of curve X, or ¥, is preferred.

FT Simple T-, Y-, or K-connections loaded in tension or
bending, having fillet or partial joint penetration groove
welds. Shear inweld (regardiess of direction of loading).

. ireatment of low stress cycles

AWS specifies endurance limits for a1l the above S-N curves
between 107 and 5 x 107 cycles. For the X curve this is at
107,7wh%1@ for the X' curve this endurance limit is at
2x107.

. Treatment of high stress cycles
the maximum stress shall not exceed the basic allowable
stress provided in the AWS Code, and the range of stress
shall not exceed 100 ksi (= 690 N/mm?).

. Effect of plate thickness
The fatigue strength shouid be reduced in proportion to:

(size/size Timit)®2®

where the following size limits are specified for the X,
and X, curves:
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X = 9. 5mm (Standard flat weld profile)

15 Smm (Profile with toe fillet:

25 . 4mm (Concave profile. as-welded. with disk
test)

untimited (Concave smootn profite fully ground)

15 . Smm (Standard flat weld profile)

38 1mm (Profile with toe fillet)

unlimited (Concave profile, as welded. with disk
test)

i

il

il

>
N
]

o

L Weld improvement

AWS gives guidance on obtaining the required weld profile
to allow use of the curves X, and K;. The recommended weld
profile is similar to that given in API RPZA. The Code
states that "For the purpose of enhanced fatigue behaviour,
and where specified in contract documents. the following
profile improvements may be undertaken:

1. A capping layer may be applied so that the as-welded
surface merges smoothly with the adjoining base
metal, and approximates the profile specified.
Notches in the profile shall be no deeper than 1.0mm
relative to a disc having & diameter equal to or
greater than the brace member thickness.

2. The weld surface may be ground to the profile
specified. Final grinding marks shall be transverse
to the weld axis.

3. The toe of the weld may be peened with a blunt
instrument, so as to produce local plastic
deformation which smooths the transition between weld
and base metal, while inducing a compressive residual
stress.  Such peening shall always be done after
visual inspection. and be followed by magnetic
particle inspection (as described).

Consideration should be given to the possibility of
locally degraded notch toughness due to peening.

In order to qualify for fatigue categories X, and K,
representative welds (all welds for non-redundant
structures or where peening has been applied) shall
receive magnetic particle inspection for surface and
near-surface discontinuities. Any indications which
cannot be resolved by 1ight grinding shall be
repaired.’

AWS also state that the smooth surface profile of fully
ground welds exhibit no size effects. Since peening only
improves a relatively limited volume of welded Joint, the
size effect would be expected to show up fairly scon if
peening is the onty measure taken: however. peening should
not incur a size effect penalty where it is done in
addition to profile control.
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3.2.3 Lioyd s Reqgister of Shinping {Lloyds 19893
Fatigue requirements for tubular joints in offshore fixed stee!
jackets are given in Sections 5 and 7 of Part 4, Chapter 1 of
the Rules and Regulations. These rules employ the Q design S-N
curve specified.
The S5-N G curve as employed by Lloyd's Register assumes that CP
and PWHT has been performed in accordance with requirements in
Part & and Part 2 respectively (Lloyds 198G).
Qr TogolN) = 14,624 - 4.132 Tog,o(8) (S in N/mm®)
At long-1iTe, no change in slope or endurance limit on the S-N
curve is taken without supporting evidence. No limit on high
stress joints s specified and no scale correction is taken. It
is assumed that residual stresses are built in to the S-N curve.
SCF expressions are recommended for simple tubular joints:
1) T/Y joints - Wordsworth/Smedley (1978)
1) X Jjoints - Wordsworth/Smedley (1978)
111) K/KT joints - Kuang (1975, 1977) for axial load and IPB.

and Wordsworth (1981) for OPB.
3.3 Comparison of Design Codes

Several offshore design codes have been reviewed in this Section
and the fatigue provisions in each code have been summarised.
The following notable differences between the fatigue quidance
recommendations are summarised in Section 3.3.1 while a
comparison of the codes is given in Section 3.3.2 for the case
of a joint in seawater below the splash zone with adequate CP.

3.3.1 Summary_of design codes

Joint classification

The T curve employs a different definition of SCF. and therefore
hot-spot stress, to the X/X° curves. Since the X/X' curves are
based on stresses measured closer to the weld toe, larger SCFs
would generally be expected and therefore S-N curves above the
design T curve may be anticipated. However, this is not the
case, probably due to the preference for a lower bound curves
rather than 97.5% probability design curve.

API X based on t = 25 4mm

AWS X based on t = variable (subject to condition)
CSA T based on T = 32mm

OnV Tbased on T = 32mm

HSE T based on T = 32mm

HSE (prop)} T7 based to T = 16mm
Lloyds Q based on a1 7T
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Scale effect factor

AP n=10.25 for £ > 25 4mm

AWS n=10.25for t > variable (subject to condition)
CSA n=10.25for T > 22mm (based on T = 32mm)

Cnv n=0.25 for T = 32mm

HSE n=0.25for T >22m (based on T = 32mm)

HSE (propl n = 0.30 for T > 16mm

Lloyds No scate effect provided PWHT applied

Effect of being in-seawater with adequate (P

Pl L ocurve (Gower endurance Timit)

Al X ocurve

LCSA 0.57 curve

DnV¥ 0.5T curve (access factor, lower endurance limit)
HSE T curve

HSE (prop) 0.5T’
Lioyds

Q curve

Effect of being in-seawater with inadequate CP

API X curve (no endurance limit)

AWS X curve

CSA 0.5T curve {no endurance 1imit)

OnV 0.25T curve (nb. D, = 0.5. no endurance limit)
HSE 0.5T curve (no endurance 1imit)

HSE (prop) 0.33T" curve (no endurance limit)
Lioyds Not applicable

High stress cycles (maximum allowable stress)

API Smax function of water depth, member location. S-N
curve and desi%n Tife and stress ratio.

AWS Smax = 680 N/mm

CSA Smex = Static strength

Dnv Smax £ Static strength

HSE Smax = 20, (= 800 N/mm?)

HSE (prop) Spae =

L Toyds Smax

Low stress cycles

API in-air : 1x107 1imit
sw + CP: 2x10® 1imit (except splash zone)
sw - CP: none
ARS Unspecified: 1x107 (X) and 2x107 (X*) limit
CSA in-air - 1x107 (m+2)
sw + CP: 1x107 (m+2)
sw - CP: none
Dnv in-air : 1x107 (m+2)
sw + [P 2x10% (m+2)
sw - (CP: none
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in-air - 1107 (m+2)
sw + (P X107 (m2)
sw o~ (P none
in-air - 1107 (m+2)
sw + CP: < 107 (m+2)
sw - CP: none

Nene unless justified

Fecommended empirical SCF enustions

APT
AWS
CSA
Uny

HSE
HSE (prop}
Lloyds

Kellogg (1956)
None
Mone

wordsworth and Smedley (1978), Kuang (1975, 1977) and
Gibstein (1978)

None
tfthymiou (1988) or Smedley and Fisher (1991a)

Wordsworth and Smedley (1978). Wordsworth (1981).
Kuang (1975, 1977) and Efthymiou (1988)

Weld profile or around weld toe

API

AWS

CSA

Dnv

HSE

HSE {(prop)
LToyds

Use of X rather than X' curve

Use of X rather than X' curve

Credited if evidence provided

Factor of two on 1ife or use of X curve
Factor of 2.2 on Tife

Factor of 2.2 on 1ife

Not specified

Non-inspectability

AP]

AWS

CSA

DnV

HSE

HSE (prop)
LTayds

Not specified

Not specified

0.2T (no access): 0.6T (poor access)

0.33T (cf. in-air); 0.66T (cf. in-seawater)
Required but not specified

0.17" : %
Not sp

Other factors

AWS
CSA

0.337 for critical joints
0.5T safety class 1 and major importance detail
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Lilustration of differences in design codes

S
[
™J

The design S-N curves described in Section 3.1 and 3.2 are
compared in Figure 3.8 for joints in seawater with adequate
cathodic protection, 7 = 40mm and t = 40mm.

¢ inspected and

sumed that the joints can be easiiy 1
been taken with

factors for inspectability h

the o The Joint is not defined to be a significant
structural component. The weld profile is in-accordance with
the controlled requirement but has not been ground.

narefore, the basic curves are:

API 1.0X

AHS 1.0

CSA doi (0.5 for 31 seawater+CP)
Ony .

HSE i)

HSE (prop) 0.5T7" (0.5 for in seawater+(CP)
Lloyds 1.0Q

It can be seen in Figure 3.3 tha
= in seawater with CP. there

erencegs between the Codes. with the most “similar S-N
estimates occurring around N = 10° cycles.

The APl X curve is identical to the AWS X, curve for N < 107,
however, while AWS takes the endurance limit at this value AP!
recommends an endurance limit at 2x10® cycles. The Lloyd's
curve estimates Tonger lives for N < 3x10%.

For T =t = 40mm, the proposed HSE Guidance yields an S-N curve
that is nearly identical to the current T curve for N > 1(7
Cycles. Above S = 69 N/mm* (N < 2x10° cycles), the proposed
Guidance reduces the in-air 1ife by a factor of two while the
current Guidance states that of joints in-seawater with CP is
the same as in-air.

The DnV S-N

For S'< 69 N/mm* the DnV T curve e
pessimistic with no change of slope up to the endurance limit at
N = 2x10% cycles.

The CSA curve Ties parallel to the current HSE curve except for
the reduction factor of on life.  The change of slope from
m=3tom=25is effected at N = 107,
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Below splash zone : 100 years design life : Deepwater platiorm : Yield strength = 360 N/mmz
Doy

10CC

£85A
{@-TH‘} Hed

LE,

AWS

-

100 1~

Stress range (Nfmm2)

..k. LR

e HSE (Ba 1)
By’

Tlesn

] ! | i
10
1E+03 1£+04 1E+05 1E+06 1E+07 1E+08 1E+09
Number of cycles to faflure

- API - AWS ~ DnV ~ HSE {current)
- Lloyds -- HSE (proposed) -- CSA

Figure 3.8 Comparison of design S-N curves in seawater
with adequate cathodic protection
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4. REVIEW OF PUBLISHED DATA AND PARAMETERS AFFECTING FATIGUE LIFE

The hot-spot is defined as the tocation of maximum stress where tatigue
cracking is most likely to occur.

It should be noted that severa] definitions of SCF are empioyed, as
discussed in Chapter 4. and that the measured stress will be a function
of the definition of SCF adopted. It is important to note that while no
one definition of SCF is correct S-N curves should not be derived or
compared to test results based on inconsistent]

ty derived hot-spot stress
data.  In this Guide. the U¥ HSE SOF definition has been adopted (DEn
LO9BAB) . primarily because the majority of SCF and fatigue S-N data has
been based on this approach. Therefo in the screened S-N database,
contained in this Chapter, only data ¢ d in accordance with the HSE
recomnended method is employed in the derivation and compariscn of S-N

curves (see Chapter 4 for detaijls of thig approach). However, where there
15 a lack of data for a given effect {eg influence of seawater, post weld
neat treatment, etc), direct comparisons between data using an alternative

SCF definition

ii? employed to estimate the percentage gain or
recduction on the j

fatigue 1ife due to the variable considered.

4.1 Summary of Parameters Which May Influence Fatique Life

In the design codes and published fiterature many parameters
have been investigated and their influence on fatigue 1ife
considered. Some of these, for exampie the scale effect and the
effect of environment, have been the focus of extensive test
programmes . while other parameters are believed to have either
no effect or an insignificant effect.

In summarising the list of parameters that are considered in
this Guide it should be remembered that, while on most offshore
structures fatigue failures occur on complex nodes at least
- partially submerged in seawater under complex Toading patterns.
L most test resuits relate to simple T joints in dry air under
constant ampiitude single mode toading.

. The geometry of the tubular Joint and weld

The geometry governs the size and location of the hot-spot
stress where fatigue cracking is most 1ikely to occur.

L] The method of loading
The type. amplitude, mean/maximum fevel, range and
distribution of the applied load directly governs the
fatigue 1ife.

. The fabrication method and materials
The process adopted during fabrication will determine the
local material properties. residual stress pattern and

distribution of defects. These factors tend to controil the
crack initiation period of the Joint fatigue life.
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* The environment in which fatigue cracks inttiate and grow
pecd

Three areas are relevant:

1) Air - well above the splash zone, although such air
could have a high water vapour and salt content.

i1) Mixed air and seawater - splash zone where immersion
1s controlled by wave height and tide.

ViT) Seawater - complete immersion in seawater with the
fatigue behaviour possibly 2 function seawater
temperature, salinity and atkalinity.

° Post-fabrication processes appiied to the tubular joint in
order to improve fatigue 1ife or some other aspect of
performance

These topics include:
1) Corrosion protection {(CP)
11)  Post-weld heat treatment (PWHT)

111) Weld toe grinding, hammer peening, TIG dressing,
overall profiling, etc.

4.2 Summary of Main Test Programmes

Fatigue testing of tubular Joints s expensive and time
consuming and, due to the inherent variability in fatigue tests,
generally requires several tests to be performed at cne, or over
a range of, stress Tevels to develop a sufficient understanding
of fatigue behaviour for a Given configuration. Therefore. most
tubular joint data tends to be the result of a relatively large
Joint industry funded test programme of which there are
relatively few. This number is further reduced in the screened
database since alternative definitions of SCF to that adopted in
this Guide tend to be used in the USA, Japan and Norway. In
fact of the screened database of 157 simple tubular joints,
nearly S0% come from the following four international studies.

4.2.1 United Kingdom Offshore Research Proiect (UKOSRP)

This project was performed in two distinct phases, UKOSRP I
(between 1975 and 1981) and UKOSRP II (between 19872 and 1986) .

UKOSRP T (1988, 1989) was a programme of research into the
fatigue and fracture strength of tubular Joints used in offshore
steel structures. In 1975  the UKOSRP I project was set up
under the auspices of the UK Department of Energy (now HSE) in
response to the perceived sparsity of data relevant to fatigue
endurance in the North Sea. Subsequently, in September 1976,
the European Coal and Steel Community (ECSC) entered into
collaboration in the project contributing £0.8m towards the
overall cost of £4.5m.
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Ihe main emphasis of the project was on providing experimental
data 1o significantly enlarge the sot of constant amplitude data
on wnich the design S-N curves were based. Thus 175 tubular
Joint tests and over 375 plate joint tests were performed in
this phase of the project. The effects of variations in the
environment, stress range and weld treatment were examined using
the welded plate joints and pre-cracked plate specimens. To
simulate real marine loadings. variable amplitude tests were
performed on both welded plates and tubular Joints.  Beside
their intrinsic value, these tests enabled the Jinear Paimgren-
Miner damage accumulation rule to be assessed in prescribed
experimentat conditions. Fatigue tests were carried out in the
U on tubular joints with chord diameters varying from D = 168mm
to 1830mm and chord thicknesses varying from T = 6 3mm to
76 0mm. The configurations of the tubular Joints were T, K and
KT both with and without overlaps under axial, in-plane and out-
of-plane loading applied to the brace member

UKOSRP IT (1987, 1989a. 1989b) was designed to cover
uncertainties and areas not addressed in the UKOSRP I programme.
. This project was funded by 26 offshore energy companies, with
- interests around the world, at a total cost of £3.25m.

A total of 25 tasks were addressed under six topic areas:
thickness effect, corrosion effects, PWHT. weld improvement
techniques. effect of Joint geometry and variable amplitude
testing. To meet these tasks, 92 tubular joint tests (46
fatigue tested) and over 330 plate joint tests were performed in
this second phase of the project. Fatigue tests were carried
out on T joints and K joints with varying degrees of gap/overlap
between braces. and T ioints with internal stiffening under
axiat load.

4.2.7 European Coal and Steel Community (ECSC)

The ECSC funded research into the fatigue behaviour of tubular
Joints in 1976 to supplement the programme of work on both plate
and tubular joints planned in UKOSRP 1. In addition to funding
some work in UKOSRP I, further tests were funded in the
Netheriands, France, Italy and Norway .

In the Netherlands, Dijkstra and de Back (1981). 25 simple T
Joints and fourteen simple X joints were funded. with variations
in scale, load ratio. test frequency. loading mode and
environment .

In France, Lieurade (1981a, 1981b). ten simpie X Jjoints were
funded, with variations in scale, test frequency and loading
mode .

In Italy. Brandi (1981) and Damilano (1981). 2ight static and
twelve  fatigue tests on  simple, ring-stiffened and
stiffened/grouted joints were tested, with variations in the
number of ring-stiffeners.

In Norway, Gibstein (1981), eight simple T joints. one simple Y

Joint and two simple K joints were funded. with variations in
overlap of braces. test frequency and environment.
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Lanadian Offshore Resesrch Project (COSRPY

e
™
L

In 1981, the Canadian Department of Energy. Mines and Resources .
Thomson and Tyson (1987) . initiated a programme of work with the
twin objectives of ‘ensuring that appropriate regulations.
standards and design data are gererated to govern the selection
and performance of welded steel structures; and simultaneocusly
equipping Canadian Industry with the technology base needed to
maximise its share of the material supply aspects of offshore
resource development .’

This programme coversd welding technoloay, particuiarly at cold
temperatures; and fatigue analyses of plate T joints, pipe-to-
pipe joints and large scale tubular Joints.  The testing of
stiffened tubular joints was undertaken in g manner that would
compliment the work previously undertaken in UKOSRP T (1987).

In total, twelve tubular Joints were tested of which ten had
internal ring-stiffening via plate Lype stiffeners, COSRP (1989,
19G91). The effect of the stiffening on stress distribution and
fatigue crack development was documented for tests in-air under
all modes of loading and in-seawater using optimum CP under
axial Toad alone.

4.2.4 SERC (Madras)

In 1988, the Council of Scientific and Industrial Research,
India, funded the Structural Engineering Research Centre (SERC)
in Madras the sum of around £0.24m to study fatigue in offshore
structures and formulate gquidelines for Indian waters,

Eariy work, for example Ramachandra Murthy (1990), considered
the experimental and analytical behaviour of simple T and Y
Joints. although most of the work has been aimed at the
influence of internal ring-stiffening. Fatigue and fracture
o behaviour of ring-stiffened Joints under axial load, IPB and OPB
o has been studied both in-air and in-seawater under free
corrosion conditions.

4.3 Tubular Joint Fatigue Database and Screening Criteria

database of fatigue S-N data #
isted in Appendix B, with the data
For all data, the following factors

gramme.

have been reported:

. Geometric dimensions for the chord. brace and weld
] Strain gauging and stress extrapolation methodology
o Loading mode and nominal brace stress

° For each member: maximum SCF and location, steel grade and
yield strength and maximum stress range

e Hot-spot stress, failure Tocation and N1 - N4
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cgrinding. environment stiffening, etc.

T
i

e bData for PWH

The initial screening criteria were specified as

1) Only data based on ECSC hot-spot stress definition (HSE
1984b)

11) A1l geometric details of chord and brace required

111} Loading mode must be specified

vl SCF at the failure Jocation must be given

vl The nominal brace stress must be giver, or must be

calculated from the applied loading and Joint area or
section modulus, as applicable.

vi) The Tocation of failure must be given

vi1) The number of cycles to through thickness cracking must be
given.

In total. 157 joints passed the initial screening:

120 T joints
16 X joints
7 K doints
2 KT joints
8 TT joints
4 H joints

4.4 Basecase S-N Curve

Ideally, a basecase S-N curve for tubular Joints would be
derived from a sufficientiy large database where the only
variable is the applied stress range.  Subsequently, each
parameter would be assessed against this S-N curve and its
: influence considered independently. However, given that at the
£ very least 20 test results would be required to establish a
sufficiently large database this approach is not possible.

In Section 4.1 of this Chapter. several parameters were listed
that could have an influence on the tubular joint fatigue Tife.
Previous studies into the effect of many of these parameters
suggests that their influence may be insignificant or they may
have no effect at all on tubular joint 1ife. Therefore, it is
proposed that these potentially insignificant effects are
initially ignored, thus enabling a basic S-N curve to be
derived. The recognition of a scale effect for non-PWHT joints,
as evidenced by a reduction in fatigue 1ife for an increase in
member thickness, led to the basecase S-N curve being derived
from T = 16mm data alone.

Following the derivation of this S-N curve. the effect of

variations in all paramefers can be considered and their
significance quantified.
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noinis Guide, 3t s proposed Lo derive the bacecase S-N curye

1) Simple non-overlapped, single planar. unreintorced, as-
welded tubular Joints.

i1) Chord thickness of T = 16mm (& 10%). with failure occurring
due to through thickness cracking of the chord member (N3},
with failure cccurring between 10* and 107 cycles.

111 Single mode. constant ampiitude toading, with no chord end

tv) Tests performed in-air with no post-fabrication treatment,
eg. PWHT, weld toe grinding. etc.

Thus there is an underlying assumption that joint geometric
parameters, weld attachment length, Toading mode, frequency and
range have minimal effect on the Joint fatigue life. This
assumption will be appraised in Section 5 along with the other
variables that are considered to have a more significant
influence on joint fatigue life.

The screened basecase database contains 36 fatigue results. The
choice of 16mm for the chord thickness was based on the amount
and quality of data at this thickness. For T = 32mm, only
twelve data points met the screening criteria, while data for
thinner chord walls was considered to be too inconsistent to be
adopted as the basecase.

The 36 S-N data points are listed in Appendix C and it can be
seen that the data covers relatively large ranges of 4, 8. weld
leg Tength, Toading mode and stress range to yield stress ratio.
However. within this dataset there is Tittle variation in Joint
configuration, chord end fixity, . y and brace inclination.

Applying a linear regression least squares error minimisation
technique to this 1og(S):log(N3) dataset yields the following
relationship:

Tog(N3) = 12.07 - 2.64 1og(S)

The standard error, S;. of this estimate js 0.213.
Simplifying the expression by forcing the gradient of the slope
to be equal to three gives an expression of not dissimilar
accuracy:

1og(N3) = 12.90 - 3 log(S)

The standard error, S;. of this estimate is 0.222.

This simplified expression 1is taken to be the basecase
relationship between the joint through thickness failure and
applied hot-spot stress range and is iilustrated in Figure 4.1.
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Figure 4.1 Basecase S-N curve and supporting test data
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INFLUENCE OF JOINT GEOMETRY

[&4

in recent years there has been much debate over the specification of a
'scale’. 'size’ or ‘thickness’ effect, whereby fatigus Tife reduces as
Jjoint size incresses.

This effect 1s generally expressed by modifying the stress range in the
basic "nominal’ S-N curve (S}, in proportion to the ratio of thickness
of a specified member (1) to the nominal member thickness (L)

S =5, (/80
where n is a scale effect exponent.

In Section 5.1, a brief review of the development and current views on the
scale effect is given.

In Sections 5.2 - 5.7, all the geometric parameters that describe the
fatigue behaviour of simple tubular joints in-air are assessed against the
full screened in-air simple tubular joint database of 157 results. as
presented in Section 4.3. Only data from simple joints under constant
ampiitude loading are considered at this stage, although other potential
foading variables such as loadcase. chord end loading and stress range are
also inciuded. In addition, where sufficient variation permits, the
basecase database of 36 results, presented in Section 4.4, is also
referenced.

5.1 The Scale Effect - An QOverview

In the 1870°s and 1980°s many fatigue and fracture assessments
were performed. on both plate joints and tubular joints. in an
attempt to understand and quantify scale effects that were
evident in test specimens. However, the range, and sometimes
strong divergence. of opinions often left the designer with the
feeling that each new test programme led to a new interpretation
of the scale effect.

o The discrepancies in the interpretation of scale effect were, in

h part, due to the differing definitions of the hot-spot stress
concept adopted in Europe and in the USA. These differences may
be simply described as:

] In Europe the perception of a tubular joint has tended to
be from a wider viewpoint as the connection of two members.
Stresses are measured well away from the notch zone and
therefore local weld effects are removed. It is then
assumed that the local notch effect will be accounted for
in the T S-N curve.

L In the USA the perception of a tubular joint has tended to
be from a more local viewpoint as a welded connection.
Stresses are measured nearer to the weld within the notch
zone and some weld size and profile effects are included in
the X S-N curve.
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Recently there appears Lo be more of 2 consensus on the cause of
the scale effects and a recognition that design guidance needs
to reflect this effect in a simple yel not overly conservative
manner

A synopsis of three of the more predominant views of scale
effect that have influenced scale factors in design codes is
given below. Tollowed by a summary of the more recent thinking
on scaje effect and how it should be allowed for in design.

t
-
-

Gurney {1979
[ oA S Wi

S

In 1979, Gurney of TWI reported a thickness effect nased on a
fracture mechanics assessment of axially loaded welided joints,
ine existence of this thickness effect was confirmed in the
first phase of the UKOSRP project which yielded a series of S-N
curves (UKOSRP T 1988). each dependent upon the thickness of the
failed specimen, Figure 5.1.

This effect was attributed to the thickness of the member in
which cracking occurred, although it should be noted that for
tubular joints nearly all joint failures occurred in the chord
member. In 1984, this thickness effect was incorporated in the
UK DEn Guidance Notes (DEn 1984a) and a thickness exponent n =
0.25 was recommended. Subsequently, this thickness correction
factor was adopted in the DnV fatigue guidance notes (DnV 1984) .

10

T ¥ Iflill] 13 T |:;r,zi T T lx(zrxl T T LA S S e g §

I"T TFTT

102

l!f!l!i

1

Haot spot stress {MPa)

}O; 'l A, 1 Ell!lt i A lll!lli Ak i 11!1[|t A 2 1!11111
104 10% 108 107 108

Fatigue endurance, N {cycles)

Figure 5.1 Mean S-N curves for T joint specimens, from UKOSRP I (1988)
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[ a
A

Hoinhridng 1025
Bainbridos (198%)

Bainbridge of Lioyd's Register, in an overview of North Sea
Joint design. noted ithe apparent clockwise rotation in the S-N
curves, with the curves reiating to thicker members having more
signmificant slope (ie. lower vaiue of m), see Figure 5.1. This
relationship was attributed to tensile residual stresses at the
weld toe which increase the rate of fatigue crack propagation
and accentuate the abserved size effect. Thersfore. any method
of reducing these residual stresses would reduce the variation
Detween siopes on the S-N curves,

Bainbridge noted that the benefit of PWHT is dependent uporn the
level of the mean stress and that. in general, PWHT produces an
apparent negative thickness effect. rurthermore. 1t was
reported that most fatique damage occurs in the low stress/high
cycle region, where PWHT s Tikely to produce a significant
improvement in Jjoint iife. Bainbridge conciuded that the
benefit of PWHT s at least of the same order as that imposed by
a thickness correction. Therefore. in the Lloyd's Register
rules there is no provision for scale effect on the basis that
all joints are post weld heat freated.

51.3 Marshall (1983, 1993)

Marshall, formaily with Shell 031, spent many years
investigating the fatigue behaviour of welded joints and acted
as an advisor to APl and AWS Code committees.

In 1983, Marshall considered size effects in welded joints in
the 1ight of the findings by Gurney and the test results from
the UKGSRP I study. Marshall (1983) noted the differing hot-
spot stress definitions empioyed in Europe and the USA. and re-
emphasised the importance placed on weld profile contral in AWS
(1992). With reference to results from three cruciferm joints
from the UKGSRP 1 study (UKOSRP I 1989), Figure 5.7, Marshall
a1s0 noted that there was a significant reduction in fatigue
life for a larger scaled specimen (B), yet only a relatively
small reduction in fatigue 1ife for a thicker plate with the
same thickness of fillet and attachment Tlength (C) as the
original specimen,

. y /H
£3 %%Uf

Figure 5.2 Three cruciform joints considered by Marshall (1983)
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For tubular doints. Marshali likened these three specimens o
small scale joint tests (A), large scale Joints (B) and typical
in-service joints (C). and in addition noted the uncontrolled
profile in the 76mm tubular joint tests in the UKOSRP I study

which would accentuate any scale effects.

In conclusion, Marshall stated that the scale effect noted in
the UKOSRP study was tikely to be due to both a thickness effect
and to a weld profile effect.

Ten years later, Marshell (1993} described the AP]
for SCF, S-N and size-profiie effects. This Code now it
a scale effect which is always a functicn of the b
thickness, irrespective of the location of cracking. This paper
reiterates Marshall's earlier conclusions. although now with the
benefit of supporting confirmation test results. Marshall also
reported notch stress theory developed by Lawrence et al (1978).
These curves not only show the progressively reduced fatigue
performance as the notch angle increases. but iilustrate @
thickness effect with.n = 0 for the ground smooth weld, n = 0.25
for a 10° reinforcemeni (typical of offshore design), up ton =
0.40 for a 90° notch.

5.1.4 Current views on scale effect

A consensus view that the observed scaie effect is a function of
more than one factor is increasing, with both Marshall {(1993)
and Haagensen (1990} attributing the scale effect to three
factors:

® Technologicai effect - caused by variagtions Detween
material properties. Thicker plate tends to have: larger.
coarser grain size. with more wunfavourably shaped
inclusions than the more heavily deformed thinner plate.
Jeading to a lower yield strength; higher residuatl stresses
and likelihood of pop-ins; increased risk of hydrogen
cracking during fabrication: plain strain vs piane stress
and Tower notch toughness.

. Statistical effect - caused by the higher probability of
having a significant initial defect in the larger volume of
stressed material. cf. castings, forgings. etc.

. Geometrical effect - caused by the stress gradient at the
notch root affecting crack initiation as well as crack
propagation. The stress gradient in the thinner part 1is
steeper and a surface grain experiences a lower average
strain than a grain at the surface of a thick part.

With regard to design, at present a simpie scale exponent 1s
applied to the ratio of actual thickness tc nominal thickness,
although the scale exponent and relevant thickness 1is dependent
upon the S-N curve favoured.

Maddox (1991a) of TWI has suggested a scale correction factor
L based on the attachment toe-to-toe weld leg length for plate
- connections. although the paucity of data from tubular tests
prevented extending this theory to tubular joints.  Maddox
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suggests that the scale exponent would be reduced using thig
method, although Haagensen (1980) argued that the reiatively
large weld on small scale plate specimens must increase rather
than decrease the scale exponent .

Haagensen (1990) suggested that the scale exponent for plate
connections should be a function of the attachment thickness to
plate thickness ratio (7). the weld profile and the resulting
SCF; with Tower 7 and smoother weld profiles giving lower scale
exporients. In addition, a relationship between the mode of
loading and the scale exponent 1s suggested, such that the

iargest exponert wiil occur under bending, a lower exponent
unger tensile axial Toeding and a small exponent for compressive
axial Toading.

Cole (1993). in a study of thickness effect and the effect of
cathodic protection in seawater. noted that the thickness effect
should be varied according to the nature of the connection with
tower thickness exponents for weld-improved joints. Exponents
6f n =10.25 and 0.17 were measured on X joints in-air and in-
seawater with (P respectively. while significantly higher
exponents were measured on similarly tested T-butts (n = 0 35
and n = .48). Therefore, the authors concluded that thickness
exponents from plate data could not be used to determine
behaviour of tubular connections. Furthermore. Cole reiterated
the more significant thickness effect at Tower stress ranges
observed in the UKOSRP 1 data {(Figure 5.1).

5.1.5 summary

Tests on both plate connections and tubuiar connections have
shown an increase in life for thinner sections. Inttially it
was argued that this effect was purely due to the thickness of
the section. although it is now generally agreed that the weld
attachment and profile and the post fabrication treatment of the
joint (PWHT, grinding, etc) change the significance of this
‘thickness’ effect on fatigue 1ife. To avoid confusion in this
Guide this effect is referred to as a scale effect and as such
encompasses the technological, statistical and geometrical
effects specified by Marshall.

While it is not yet possible to specify the contribution of each
effect there is a reasonable consensus that:

. a scale exponent of n = 0.1 - 0.2 can be Justified on
Joints with smooth ground profiles or castings,

. a scale exponent of n = 0.2 - 0.3 appears reasonabie for
typical tubular joints with controlied weld profiles as
seen offshore,

. a scale exponent of n=0.3 - 0.4 may be required on plate
specimens or for tubular joints with uncontrolled weld
profiles,

®  the scale effects W4V reduce 1in Joints at high stress
ranges, with PWHT applied. with large weld attachments and
possibly in seawater with adequate cathodic protection.
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5.2 Joint Conficuration

The relationship between the hot-spot stress and Joint fatigue
Tife should he independent of the Joint configuration if 217
other parameters are equal.

In the basecase database. 31 of the 36 data points (86%) have
been obtained from simple T joints, while 120 of the 157 data
points (76%) in the full in-air database have been obtained from
simple T joints. '

In Table 5.1 below, the measured  fatigue life of each
configuration type (N3} is compared to +hat redicted using the
basecase S-N equation (N3') for the full in-air database.

bl

Configuration | No. joints Tog(N3)/Tog(N3")
T 120 1.07
X 16 0.97
K 7 1.07
KT 2 0.97
H 4 0.95
1T 8 0.88
TOTAL 157 1.04

Note: In this Guide H Joints are defined as two chord members separated by a single
brace and TT joints are defined as two parallel braces on a single chord. All
Joint definitions are fully described in Chapter 1.

Table 5.1 Goodness of fit of basecase S-N curve
for each joint configuration type

arameters to draw any firm conclusions
about the effect of joint configuration. However. the Joint
lives from the eight TT Joints tested by SINTEF/TWI (Tubby 1994}
are significantly Tess than anticipated .

This trend was noted by Tubby (1994) who reported:
1} The joint geometry adopted in this study had:

L a relatively uniform hot-spot stress field at the
inboard crown positions extending to #45° of the
centre line

. a lower hot-spot stress at the outhoard Crowns

L] @ relatively high membrane stress component in the
chord wall at the hot-spot (DOB = (.65 to 0.69

compared with about 0.7 to 0.8 for other specimen
geometries) .
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fatigue strength of the joints under constant amplitude
ing in=air was low by comparison with the expectad mean
curve and was ciose to the current T desian S-N curve
32mm.

P15

111) The high membrane stress component (low DOB) at the hot-
spot conmtributed to the low fatigue strength iniair.
although further assessment of DOBs for joint geometries in
the database on which the design curve is based is required
tO quantify this.  These results call into Question the
current fatigue design philosophy for tubular Joints, ie.

e e £ sy | £ - gy oy e
e Lse oF a singie siress Daramegier,

ese 1T Joint test results are considered further in Section
5.3.3 where chord length effects are considered.

5.3 Chord Size and Dimensions

53.1 Chord thickness (T)

The possible requirement for a factor to be incorporated in the
S-N curves to account for thickness effect is outlined at the
beginning of this Section. For the more common chordside
fatlures, HSE and DnV specify that the scale effect factor
should be based on the chord thickness.

For the full in-air database, chord thickness data has been
recorded for T =5 1mm - 76.7mm. It can be seen in Figure 5.3
that joints with T < 30mm exhibit significantly longer 1ife
{measured 1ife N3 > basecase predicted Tife N3') than data from
Joints with T > 30mm. In this initial review where other
potentially significant parameters are included in the database,
there does not appear to be a significant change in fatigue 1ife
with an increase in chord thickness above 20mm. Although it
should be noted that there are few data with T > 32mm and that
other factors may affect joint fatigue 1ife.

Goadness of fit v Chord thickness

3 f ¢ i
P2 !
8 i
D i

12 § L+ :

2 - ! {
& > } !
3 ?.' - j :
g 11 L: :_. :
k< =] -5
= g e
o Q -
§ 2 8o ¢
g 3 g ;
o % !
o o
e o © o @
o
a3 % ——i
§ w0
e
i
I
i
i

o8

4] o] g £ 8¢ 0o
T feren}
[ © Crod falre » Srace takare x Chocd faitures (TT joints)

Figure 5.3 Goodness of fit of basecase S-N curve
with variation in chord thickness
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Lhord diameter (D) and radius/thickness ratio (v)

£
Cwd
[

Chord diameter values in the ful] database have been recorded in
the range D = 168.3mm - 1830.0mm. As stated above. the
variation in joint fatique life with scale s generally
attributed to, and estimated by, variations in member thickness.
However, for the database compiled in this Guide there is a
strong correlation (p = 00.96) between the chord thickness and
the chord diameter. Therefore 3 very similar distribution
relating the goodness of fit of the basecase S-N relationship is
obtained for chord diameter and chord thickness.

[n accordance with the distribution for the chord thickness, in
this initial appraisal, there does not appear to be g4
significant reduction in 1ife for Joints with D > 900mm.

Chord radius to thickness values (y) have been recorded in the
range = 8.3 - 24.1. although nearly 90% of simple joint in-air
data has been obtained from Joints with y = 13.0 - 15.5.
Therefore, it is very difficult to draw conclusions about the
effect of the y parameter. However. for the limited data at the
extremes of the y range there does not appear to be any notable
trend.

5.3.3 Chord length (L) and length/diameter ratio (o)

Recent 1investigations identified the importance of the chord
Tength and chord end fixity in determining the SCF (Efthymiou
and Durkin 1985) and ultimate static strength (Bolt 1992) of
tubular joints. The importance of chord length and end fixity
becomes increasingly significant as the distance between the
brace and the chord end diaphragms reduces. The reduction in
this distance leads to reduced SCFs at saddle locations and
increases strength for most failure modes. However, in current
quidance, chord length is not considered to affect fatigue crack
growth rate or joint fatigue life.

Comparing the goodness of fit of the basecase S-N curve against
a = 2L./D, where L, is the physical specimen fength, shows a
trend for fatigue 1ife to reduce as o reduces. Although it must
be remembered that again there is some degree of correlation
between « and chord thickness (and therefore chord diameter). p
= -0.66, ie. large scale. thick chords tend to be relatively
short in Tength.

In one series of tests on TT Joints performed by SINTEF/TWI
(Tubby 1994). the distance between the braces and the ends of
the chord specimen may have been one parameter leading to the
relatively low joint fatigue life, as described in Section 5. 2.
The specimens tested were 4000mm in length (a = 8.75), although
there was only 534.5mm between the end of the specimen and the
nearest brace crown.

In Figure 5.4, the relationship between the measured and
estimated fatigue Tife is considered in relation to o' = 2Ly /D,
where L,” is twice the distance from the end of the specimen to
the mid-point of the nearest brace. It can be seen that
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performing a comparison in this manner indicates a ¢lear trend
belween the goodness of fit of the basecase S-N relationship and
the modified chord length to diameter ratic. He it should
be reemphasised that the chord “length’™, whichever
definition. is correlated £o the chord thickness to some degree.
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Figure 5.4 Goodness of fit of basecase S-N curve
with variation in o = 21.'/D

The potential for fatigue life to be influenced by the distance
between the chord ends and brace member may be partially
explained by the fracture mechanics FE analysis of these TT
Joint configurations, reported by Berge (1994).

Tubular 1T joints under in-plane bending were modelled with two
methods of analysis employed: 3-D shell analysis with Y
compliance calibration based on Tine spring model computations,
and a simplified two-dimensional analysis with a Toad shedding
model. characterised by a degree of bending (DOB) parameter.

The following conclusions were obtained:

. DOB may significantly affect the fatigue strength of a
tubular joint. For a given hot-spot stress, the fatigue
life may vary considerably, due to different through
thickness distributions of stress. The hot-spot stress
approach may 1in some cases lead to unconservative
predictions of fatigue life.

] DOB effects may be understood as effects of Toad shedding.
Bending stresses in the hot-spot region are more strongly
affected by the presence of a crack relative to membrane
stresses,
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L With parametric eguations for OUB becoming available, the
effect may be implemented in design procedures for tubular
Joints.

While the DOB for these joints differ from typical tubular joint
configurations, it would have been a useful exercise to vary the
distance between the chord end restraints and the loaded braces
to see if the reduced DOB was a function of either Joint
configuration or boundary conditions.

5124 Chord end condition

In accordance with FE appraisals of chord end iength on SCF by
Efthymiou and Durkin (1985) and static strength by Bolt (1992),
the influence of tubular joint chord end fixity was considered.
[T the chord end is fully fixed then a lower SCF at all
Tocations and a larger ultimate static strength would be
anticipated for relatively short chord lengths (o < 12).

In the basecase database, only two data points are based on
tests with pinned chord ends and therefore no conclusions can be
o made regarding end fixity.

In the full 1in-air database, ten results are based on pinned
ends, 128 results are based on fully fixed chord ends and the
remaining nineteen results have either open chord ends (X Joints
under balanced axial load) or are unspecified. The average
measured to predicted fatigue 1ife ratio is 1.063 for the fixed
chord ends, yet 0.982 for the pinned chord ends. This gives a
statistically significant difference between the mean values of
fatigue 1ife and suggests that the pinned chord end condition
will lead to a lower fatigue life. Once again there is a
significant degree of correlation between the end fixity and
Joint geometry which makes it difficult to isolate causes and
effect. Furthermore, given the findings of Secticn 5.3.3 on
chord Tength, it would be expected that if short chord lengths
do detrimentally affect joint 1ife then it would be the fixed
rather than the pinned end condition that would reduce Joint
fatigue 1ife.

5.4 Brace Size and Dimensions

54.1 Brace thickness (t) and brace/chord thickness ratio {r)

APT and AWS now specify a scale effect, with this scale effect
dependent upon the brace thickness, irrespective of the location
of the hot-spot.

In Figure 5.5, the full in-air database goodness of fit is
expressed in terms of the brace thickness. in the range t =
3.2mm - 43.5mm. In a similar manner to the chord thickness,
there is a reduction in life with brace thickness. with most
recorded failures occurring on the chordside of the Jjoint. If
the relatively early joint Tailures noted in the SINTEF/TWI test
programme (fubby 1994) are ignored {t = 16mm} then there is a
trend for fatigue 1ife to reduce as brace thickness increases,
even for relatively thick joints.
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in dress of fit of the measured to predict
J related to the ratio of the brace to cho
thi be seen that there is 2 wide coverage
t values recorded from 7 = 0.25 1

Across the range of r there does not appear to be any
significant trend for fatigue life to either increase or
decrease with variations in 7.

Goodness of fit v Bracs thickness
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Figure 5.5 Goodness of fit of basecase S-N curve
with variation in brace thickness
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5.4.7 grace diameter (d) and brace/chord diameter ratio (4)

In the full in-air database, brace diameter (d) is recorded in
the range d = 88.9mm - 914.0mm. In accordance with the findings
for the relationship between the chord thickness and chord
diameter, there s g strong correlation between the brace
thickness and brace diameter, p = 0.85. Therefore, again there
15 & strong similarity between the brace diameter and the brace
thickness shown in Figure 5.5,

The ratio of brace to chord diameter. 2. has been recorded aver
¢ wide range with £ = 0.24 - 1.01. However. most data has been

obtained from joints with 8= 0.25. B = 0,50 - 0.55 and g =
1.00. There is no significant variation of the goodness of fit

<< O+

f the ratio of measured to predicted fatigue Tlife for
ariations in 8.

Due to the more complex geometry of f = 1.0 joints at the
saddle, there is often an increased scatter associated with
these joints when the joint hot-spot SCF or strength is
considered. However, an initial assessment of the 8 = 1.0
Joints in the basecase database does not indicate any increased
uncertainty in the measured fatigue life of g = 1.0 joints.
Although. the estimated fatigue 1ife of B =1.0 joints is Tikely
to exhibit more scatter due to the relatively poor estimate of
SCFs in £ = 1.0 joints.

5473 Brace inclination (&)

In the full in-air database, 94% of critical brace connections

are perpendicuiar fo the chord (ie. 8 = 90°). In these 90°

Joints the maximum principal stress tends to lie perpendicuiar

to the weld fillet. On joints with increasing angle of

inclination, the maximum principal stress may be 30° - 40° away

from the perpendicular to the weld fillet. The direction of
e maximum principal stress may have an effect on the joint fatigue
o Hife, although there is insufficient data to investigate this
effect further.

5.4.4 Brace separation (&)

Of the nine K/KT joints in the full in-air database, the brace
separation (¢) Ties in the narrow range ¢ = (.11 to §.13.
therefore, no conclusions can be drawn on the effect of varying
the gap between braces. However, the effect of brace separation
is investigated further in Section 10.1 where the fatigue
behaviour of overlapping braces is considered.

5.5 Weld Size and Profile

TWI have recently completed a comprehensive study on the effect
of weld profile and attachment leg length on fatigue life
(Maddox 1391b).  This study investigated five different weld
profiles from
AWS specificat
that had been toe ground.

tes involved welds
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3.0 Attachment length (13

Maddox (1991a) suggested that a better scate effect factor for
plate cornections may be obtained by taking the ratio of the
toe-to-toe weld attachment leg length to a nominal tength,
rather than considering the brace or chord member thickness.

In the TWI study of tubular T Joints (Maddox 1991b) it was
concluded that increasing the weld Teg Tength moved the weld tos
dway from the theoretical point of maximum stress nto a ltower
stress region and, therefore. the reduced SCF on the chordside
ted to improved fatigue 1ife

'n the 5-N databases developed for this Guide the weld toe-to-
toe attachment has been recorded for the location of failure in
those cases that this value has been reported. In most cases.
this value has been obtained by measuring the attachment length
and chord thickness off weld profite plots and scaling the
attachment length accordingly. Although the values reported for
the attachment Jlength at the failure location are only
approximate it 1s possible to investigate possibie trends.

The full in-air database has recorded attachment thicknesses. in
the range T = 9mm - 100mm. In a similar manner to the chord and
brace thicknesses. there is trend for reduced 11fe with increase
thickness (or length) for a given stress range. However, the
trend 1is less marked for thi with only
attachments < 20mm showing a clear extension in 1ife above the
basecase prediction. Again there is a significant correlation
between chord thickness and attachment thickness.

In Figure 5.7 the goodness of fit of the measured to predicted
Joint fatigue 1ife is related to the non-dimensional ratio of
attachment to chord thickness (1/T). It can be seen that
there is a range of 1/T values. with 1/T varying between
1/T =044 - 6.17." Across the range of 1/T thére does not
appear to be any consistent trend for variation in fatigue life,
although measured Tife generally exceeds the basecase predicted

life for attachments that are two to four times the chord
thickness. _ Goodness of fit v Weld leg lengtivchord thickness
13 1 !
@ ' 5
. #£,0 {
[ I V_“._;_..._.% ?,_ - . -
: o @ :
: 2 o . H
: o 0o !
""" oy S, *.Ww_.b:g".’.;._c@:mg,
- I B p° o e 4 f o g
2 s, | @0 o ° d,e e
RS L. O U SO b §
’ ¢ 5 cé’o “ © g v I ° Z
B AL ' o
i Q ! :
oz ; — -
: o i : :
i °© { ; : :
! : ! :
wl | ] i :
' L] 2 4 4 £l
Viaid tog length 1 T

£ Crond aikres o Bracw taikires |

Figure 5.7 Goodness of fit of basecase S-N curve with variation
in attachment thickness to chord thickness ratio (/T
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5.5.7 deld profile

In APT guidance (AP] 1993}, the weld profile 1s considered to be
a significant factor in fatigue 1ife estimation. The X curve is
appiicable for welds with profile control while the X' curve is
specified for welds without profile control but conforming to
the basic standard flat profile (AWS 1992) . The UK DEn were also
concernad about weld profile effects in 1984 with an appraisa’
of the ECSC database (DEn 1984b) . In this document it was noted
that the French joints tested {Lieurade 198la. 198157 and most
of the Dutch joints tested (Dijkstra and de Back 1981) had poor

) ol
wWord Drotiies.

In the 5-N database, the weld profile has been recorded for most
specimens or test series. The weld leg length was measured as
stated in Section 5.5.1, along with a subjective classification
of the weld as either ‘concave’. 'flat’'. convex or ‘poor” .
These are illustrated in Figure 5.8. The ‘poor’ classification
covers welds that have particularly sharp notches at the weld
toe.  Furthermore, the weld angle was recorded on both the
chordside and braceside at the failure Tocation as illustrated
in Figure 5.8. 1t should be noted that in many cases only one
‘typical’ profile was reported and consequently. in these cases
1t was assumed that this profile was applicable to all Joints in
the series that failed at the same location.

- v

CONCAVE FLAT
CONVEX POOR

Figure 5.8 Weld profile classification

Weids with angles of 60° or less at the failure location
(chordside or braceside as applicable) and having concave or
flat profile were classified as ‘controlled’. while welds in
excess of 60° or having a convex or poor profile were classed as
‘uncontrolled’ .
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In the full initially screered database 102 Joints were
classified as controlled and 46 Joints as uncontrolled.  The
SINTEF/TWI joints were excluded in this study (Tubby 1994). 0©f
the 46 urcontrolled weld specimens, eight had concave weld
profife. 31 had a poor profile and seven had weld angies in
excess of 60°.

For the full database points that meet the initial screening
criteria 1t was found that on average the uncontrolled weld data
had slightly lower lives than the controlled weld data. This
was o contradiction to the findings of Maddox (1991 who
conciuded that apart from the beneficial effact of any increase
n oweld leg length, control of overall weld shape and weld
surface finish according to the AWS D11 specification (AWS
1992) for improved weld profile had no significant influence on
the fatigue strength of tubular joints.

In Section 7 of this Guide, the database was further screened
based on the findings of this Section and Section o. Following
this more rigorous screening, it was found that there was no
significant difference in fatigue Tife due to weld profile,
although there was significantly more scatter in the data from
Joints with poor weld profiles.

5.6 Failure Location

There is currently an inconsistency between the current Codes of
Practice in the way that the scale effect factor is determined.
The European Codes base this factor on the thickness of the
member under consideration, (ie. chord thickness for chordside
life and brace thickness for braceside 1ife), while the American
Codes always relate the 1ife to the brace member thickness. In
Figure 5.9, the ratio of the maximum brace stress to the maximum
chord stress is plotted against the brace thickness to chord
thickness ratio (7), with the failure location(s) specified.

Following the American Codes, it would be expected that once the
braceside stress (g,) exceeds the chordside stress (g.;, Tailure
would occur on the brace. There are 36 joints where 0, > g, 55%
chord failures, 36% brace failures, 6% weld failures and 33 both
chord and brace failures. For the 67 joints with 0, < 0., there
are 97% chord or weld failures and 3% brace (or brace and chord)
failures. (nb. there are 54 Joints where the stress on the
memder that did not fail was not reported).

In the European Codes this retationship is more complex due to
the fact that the brace member is generally thinner than the
chord and therefore a larger stress is required for the brace to
fail. If a scale exponent of n = 0.25 is defined. then on a
Joint with 7 = 0.5 the braceside stress will need to be at least
(0.5)"°2% = 19% Jarger than the chordside stress to yield a
braceside failure. This is illustrated in Figure 5.9 by the
solid curve reducing from 1.5at 7= 0.2 to 1.0 at 7 = 1.6, it
Can be seen that while some chord failures around 7 = 0.5 would
be predicted there are several braceside failures at 7 < 0.4
which are unexpected.
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cfore, nmeither ihe American nor the European approach

s Lo fully define the Jocation of failure satisfactoriiy.
: ible explanation for the trends noted could lie in the

iffering weld profiles at the chord weld Loe and brace weld
toe. as discussed in Section 5.5, Most of the test specimens
have greater weld angles and shorter attachment lengths at the
chordgide weld toe th ls which may
explain why joints with twice the stress in the brace stitl faii
in the chord.

Faiturs logation
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Figure 5.9 Predicted and observed failure location

5.7 Summary of Joint Geometry and Weld Effects

In this Section, an appraisal of each geometric or parametric
variable has been performed with regard to fatigue Jife, N3.
The main problem with this assessment is the significant
correlation between key variables thereby making it difficult,
if not impossible, to identify the variables that influence
fatigue life. A summary of linear correlation (p} between the
basic variables is given in Table 5.2

T D Ls t g ¥ a r 8

7 X 9.96 1 057 | 084 0.77{ -0.45] -0.67 ! -0.33 ] -0.33
D (.95 X 0681 081 0.8 | -0221-068] -034] -0.36
Ls 0.57 1 0.68 X 0.481 06071 -0.04¢ -0.12] -0.321{ -0.29
t 0.84 1 0.81 ] 0.48 X .85 1 -0.341 -6.58 1 0.14{ -0.08
d 0.77 1 080 ] 0601 0.8 X 0191 6531 0.04 0.20
y 0451 -0.221-004] -0.341 -0.19 X 0.10 0.22 0.07
o -0.67 1 0681 -0.12 | -0.58) -0.53] 0.10 X 0.24 0.22
T -0.331 -0341 -032] 0.14] 0.04 0.22 G.24 X G.62
8 -0.33] -0361 -0.291 -6.06] 0.20] ©.07 §.22 1 0.62 X

Table 5.2 Correlation coefficients for main Jjoint parameters
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From Table 5.2 it can be seen that the five relationships with
tne highest degree of linear correlation are-

Lo DT (p=10.96)

2. d it {(p=10.85

3. Tt (p=1082

4. 0t (p=10.81)

5 D :dip=10.80

Following this initial appraisal of the in-air database for
simpie joints, it is clear that there 45 g scale effect
associated with tubular joints. This effect is orobably due to
3 number of causes, with the ability to separate the influence
of each individual cause still only a long term cbiective. A
reduction in fatigue life is evident in tubular Joints with
large diameters, thick members and short chords, and while there
15 a high correlation between member thickness and diameter in
particular, evidence from both fracture mechanics and plate test

o data suggest that it 1is the member thickness rather than

o diameter or chord Tength that leads to this apparent reduction
in fatigue Tife.

It has been noted that joint configuration appears to have a
small effect on fatigue Yife, with T - K joints tending to
have slightly Tonger Tives, on average, than X: and H joints,
although this is probably a function of other variables in the
database. However. results from TT Joints tested under IPB by
SINTEF/TWI exhibit significantly Tower fatigue Tives (Tubby
1994). FE modelling of these joints (Berge 1994) suggests that
there is an untypically low DOB in these particular joint
configurations. It has been further noted that Joints with
braces near to the chord ends tend to fail earlier than Jjoints
with braces a significant distance from the chord ends. The
effect of chord length, chord end fixity and degree of bending
variations need to be considered further before the results from
these tests can be fully understood.

With regard to the weld fillet, it is recognised that an
enlarged weld attachment leg length can reduce the SCF
therefor ' ' fth

éiiffening at the at the weld profile
has Tittle, or no, effect on fatigue 1ife unless the weld toe is
ground smooth.

Current Codes of Practice j joint fatigue 1ife with respect
to either the brace thickness! irrespective of the failure
focation, or to the thickness of the member being considered.
It has also been proposed that the attachment Tength may give a
more consistent basis for applying a scale effect. In Section
/. following the final screening of the S-N  database,
recommendations for applying scale effects are given, mean and
design S-N curve are calculated, and scale effect exponents are
recommended .
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6. INFLUENCE OF LOADING

in-service, tubular joints within a compliex structural frame experience
a loading sequence that is essentially random over the platform life: in
the laboratory, most individual tesfs are performed under one mode of
Toading applied to one brace over a constant stress range at regular
cyclic frequency. This simplification of the in-service condition has
allowed the fatigue behaviour of simple tubular connections to be well
understood and, along with simplifications in the design approach, allow
the designer to safely estimate in-service joint fatigue lives.

in this Section, differences between foading modes are addressed along
with variations in the Toad range applied to the test specimen. load is
generally appiied in a constant cyclic manner. although variable amplitude
loading over a wide range of irregularity functions has alsc been
investigated. All of these loading parameters are assessed against the
full screened in-air simple tubular joint database of 157 results, as
presented in Section 4.3, In addition. where sufficient variation
permits. the basecase database of 26 results, presented in Section 4.4,
15 also referenced.

6.1 Loading Mode
6.1.1 Sinale loading anplied to brace

For most fatigue tests either axial. in-plane or out-of-plane
loading is applied throughout the duration of the test. 1In the
fatigue S-N approach. it is assumed that the fatigue 1ife is
independent of loading mode.

In Table 6.1, the ratioc of the measured 1ife (N3) to the
predicted Tife (N3') is compared to the basecase database and to
the full in-air database, for each loadcase. It can be seen
that in both cases there is statistically no significant
difference between the Toading modes., atthough in both databases
the OPB test specimens appear to have sTightly Tonger lives.

Basecase database Full database
soadeese o [ Ty | o, | Togeiay
]09(%3') 10g(N3")
Axial load 17 0.991 70 1.030
0PB 15 1.021 40 1.068
1PB 4 0.976 47 1.039
All loadcases 36 1.002 157 1.043

Table 6.1 Comparison of loading modes
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6.1.7 Single Toading appiied *to brace with compressive chord end
1gadin

In the UKOSRP I project, a series of tests were performed on
tubular T joints with compressive axial load of 77 N/mm? appiied
to the ends of the chord member (UKOSRP I 1988).

In Table 6.2, the ratic of the measured 1ife (N3} to the
precicted 1ife (N3'), based on the basecase data. is compared to
the full in-air database for test specimens both with and
without compressive chord end Toading. It can be seen that the
fifteen joints under axial load and IPB with compressive chord
end loading of 77 N/mm? have log(lives) around 10% larger than
the remainder of the database. this roughiy equates to a four-
fold increase in life for N = 10° cycles.

In reviewing the UKOSRP [ data. no test reports recorded
compressive chord end lcading applied under the OPB loadcase
(UKOSRP T 1989), although some of the summary tables in the
final report do indicate this occurrence . In
this Guide, test reports take precedence Yy reports
and so it has been assumed that no tests were performed under
OPB with compressive chord end loading.

The increase in fatigue life that is noted when compressive
chord end Toading is applied to the specimen is probably due to
the fact that cracks will not open to such an extent
particutarly if they run in the radial direction (eg. at the
crown location). Therefore, leg nodes where the chord member is
generally in compression and the predominant loadcases are axial
and IPB, are likely to benefit from this effect. Conversely,
although there is no supporting data. a reduction in fatigue
life may be envisaged for joints where the chord member is
predominantly in tension, for example the conductor framing.

No chord loading | Inc chord loading
Loadcase No. | Tog(N3)/ | No. | log(Na)s
1og(N3") 10g(N3")
Axiat load 60 1.016 10 1.119
GPB 44 1.068 0 -
[PB 42 1.027 5 1.132
Al1 Toadcases 142 1.034 15 1.123

Table 6.2 The effect of compressive chord end loading of 77 N/mm?

- 6.1.3 Combined loading applied to brace

To date, most tubular joint tests have been performed under one
loading mode, ie. either axial load. IPB or OPB. However, some
work has been undertaken into the effect upon fatigue and
fracture behaviour of appliying combined or mixed mode toading.
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Most of this work considers the effect of applying loading
tative of dn-service conditions % WASH
um (Pook and Dover 1989), etc, with both
g mode and amplitude. This type of loading is discussed

further in Section 6.3.2. However, a few studies have
gansﬁdered varying the Tloadcase under constant amplitude
oading.

Mshana (1992a. 1992b) in a pilot study for the Muitiple Axis
Loading and Environmental Testing (MALET) programme considered
the so called 'crack in the wrong place’ concept, where a
tubular joint would be Toaded under lcadcase ‘A’ for N cycles
ana then under loadcase "B’ to the end of the test. This study
was initiated following data reported by Rhee (1988) that
suggested that cracks under multiple axes Toading may grow
faster than those calculated by the Tinear damage summation of

stress ranges in different axes.

It was concluded by Mshana (1992a, 1992b) that under OPB
followed by IPB and IPB followed by OPB loading, fatigue crack
growth in the secondary location was consistent with single mode
ng. At the primary crack location

. crack depth largely arrested, but th
g some degree. Therefore, the presence of a crack away
from the hot-spot location did not appear to adversely affect
the joint fatigue life. However, it was noted that this
conclusion should not be assumed of loading where multipie axes
Toading is occurring concurrently,

6.2 Constant Amplitude loading

6.2.1 Mean_and maximum load

In most tubular joint tests the specimen is tested under
constant amplitude loading at stress ratios of R= -1 or R =0,
which imply that the mean stress is zero or ¢.,/? respectively.
The S-N approach does not account for the level of the mean
stress applied since it is not considered to be significant on
fatigue tife for most in-service situations.

For plate connections, Maddox (1991a) rotes that reduced life is
associated with high stress ratios (R=1). In particular, Maddox
stated that for a vibration type Toading with a relatively small
stress range at a high mean load. significant reducti in
fatigue Tife can occur. Such a Toading would not be
an offshore structure. For most offshore tubular joints API
(1993) state that stress ratios of R = -0.50 to R = -0.15 would
be typical. However, care should be taken on a connecticn such
as that on a TLP tether where the joints are subjected to high
mean tensile loads, yet relatively small stress ranges.

6.2.2 Stress ratio (R)

Most fatigue tests are performed under either full reversal
toading (R = -1) or loading from zero to maximum load (R = 0).
Axial load with R = 0 generally implies that the specimen is
loaded only in tension, since the tensile loadcase tends to give
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5:ightly Tower fatigue Tives due o crack opening effects.

In Table 6.3. the ratio of the measured life (N3) to the
predicted 1ife (N3') is compared to the basecase database and to
the full in-air database, for R = -1 and R ~ 0. It can be seen
that there is & tendency for the stress ratio of R = -] to give
fatigue lives that are slightly longer that those cbtained From
R~ 0. although for the smalier but more controlled basecase
database this difference appears negligible.

Basecase database Full database
Loadcase Stress
range No. MEQQ(NS;‘EI NO. 1og(N3)/
Tog(N3™) 1og{N3")
Axial R= -1 11 0.996 46 1.049
R 0 b 0.981 24 0.996
0PB R=-1 6 1.042 6 1.042
R~ § 9 1.008 34 1.073
1 IPB R=-1 4 0.976 39 1.058
o R= 0 - - 8 (.945
All R=-1 21 1.005 91 1.052
toadcases R= 10 15 0.997 66 1.429

Table 6.3 Comparison of stress range

6.2.3 Capacity limit (high stress - low cycle)

Fatigue S-N curves are generally based on data in the range N =
10° to N = 107, with the assumption that the joint is always
governed by elastic response. Stresses above this elastic limit
cannot be treated in the same way and it is recognised that the
5-N curve has an upper Tlimit on the Tlinear 7og(S):log(N)
relationship. If the mean S-N curves for tubular joints were
extrapolated back to N = 10° (= one cycle) then the estimated
stresses would be around S = 2x10% N/mm2. Clearly, this value
does not correspond to the static strength of the tubular joint,
- and is well in excess of possible plastic capacity.

At present. most of the Codes of Practice specify a maximum
allowable stress range which acts as an upper bound to the S-N
curve. The API Code (API 1993) gives an allowable stress range
based on the water depth, member location, design fatigue life
and stress ratio: while AWS (1992) specifie ut-off at the
static design capacity. HSE Guidance (H %) allows a
maximum stress range equal to twice the material yield stress
(based on R = -1); while neither DnV (1992), CAN/CSA (1992) nor
Lloyds (1989) specify a maximum allowable hot-spot stress range.
In the tubular joint S-N database there is only one Joint with
a life below 10° cycles. This joint is Specimen Gl in the
UKOSRP IT study (UKOSRP I 1989b) with a life of 3.85x10* and a
hot-spot stress range of 619 N/mm2. which is 76% of the 20, (=
812 N/mm?) HSE maximum stress 1imit (nb. R = -1 for this joint
test).
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lastic S optimistic estimates of

last
remainin

34D

Beyond yield, SCFs will rapidly rise and residual stresses will
be introduced that may significantly change the behaviour of the
Joint. Therefore, in such cases the load history will affect
Joint behaviour, making it impossible to accurately estimate
benaviour at the design stage and difficult to estimate
behavicur in a nodal reassessment.

The following approach appears to be reasonably conservative yet
gives the designer the ability to approximate remaining 1ife
where no alternative method currently exists. However, there is
a need for some tubuiar joint data in this region to appraise
the validity of this approach.

Th

€]

true hot-spot stress elastic limit can be calculated by

Uange (Elastic Himit) = g, (1-R)

atthough, in general for offshore structures. o, will be given
by the characteristic rather than actual yield stress, and R
will be Targely unknown (although API (1993) suggest the stress
range -0.15 = R = -0.50 as typical).

The review by TWI (19914} and measurements from test specimens
suggest that this hot-spot elastic Timit would not be too
dissimilar from that estimated at N = 10* cycles. Therefore, it
is recommended that elastic fatigue design assessments can only
be carried out for stress ranges with equivalent estimated Tives
in excess of arcund 10% cycles. For stress ranges with
equivalent estimated 1ives below 10% cycles it is recommended
that the S-N relationship for reassessment be based on the
linear extrapolation between S(N=10*) and S(N=1), see Figure
6.2.

. S(N=10*) is determined from the appropriate design S-N
curve.

] S(N=1) is determined from the static design capacity of the
specified joint. by:

1) Assuming R = -0.25 and that P, = 0.8P,. then
(I-R)P, = 1.25F, = P,
where P, is the ultimate load for the joint
and P, is the yield icad for the joint (not to be
confused with the elastic Timit at the hot-
spot location).
i1} If the axial mean stress Tevel is compressive or
unknown P, is the compressive design resistance,

else, if the axial mean siress level is tensile, P,
is the tensile design resistance.
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For bending stresses. M, is the design maximum
gilowabie moment.
(See Chapter 3 for recommended static strength
formulae. )
111) Determine nominal stress g, = P/A or g, = M/7.
1v})  Estimale the hot-spol stress range at static failure
S{N=1) by:
SIN=L) = 0. SO

{Ses Chapter

4 for recommended SCF formulae)

The mean and design S-N curves for & T joint under tensile axial
load with T = 50mm, 7 = 0.5, 8 =05 v =15 8 = 90° and g, =

400N/mm* are given on Figure 6.2.

The static strength is based

on the recommendations of the BEn background document (DEn 1989)
as described in Chapter 3. and the SCF is based on the Efthymiou

equations as proposed in Chapter 4. The S-N curve is the
basecase curve proposed in Section 4.4,
High stress - Low cycle fatigue
10060 —
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Figure 6.2 Example of mean and design S-N curves (N < 107)
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.74 Endurance Timit {Jow stress - high cyele)

in practice, the S-N curves under constant arplitude (CA)
loading cut-off at an endurance 1imit S,. which for all Joint
classes 1in-air, corresponds around to N = 107 cycles (Maddox
1991a).

Maddox (1991a) further states that:

In cumulative damage calculations using Miner’s rule stress
ranges below the constant amplitude fatigue 1limit S, are
assumed to be non-damaging. However in practice they become
damaging as crack growth occurs under higher stress rangas in
the spectrum. The cmission of the damaging effect of these low
stresses can lead to serious underestimates of resulting fatigue
Tife, as there are many practical load spectra in which the
majority of cycles produce relatively low stresses. Possible
ways of dealing with this problem are as follows:

a) The simplest approach 1s to assume that there is no fatigue
limit and to extend the S-N curve downwards ad infinitum.
Depending upon the stress spectrum this may be practical,
but often the damaging effect of Jow stresses is
excessively overestimated.

b)  Independently of the design rules, fracture mechanics could
be used to calculate the Tife on the basis that stresses
will be damaging if the corresponding stress intensity
factor range, AK exceeds the threshold value.

Use a modified S5-N curve at Jow stress range which, when
used with Miner's rule, predicts the same fatigue damage as
b). For joints in air it has been found that extrapolation
of the S-N curve below S, (that is beyond 107 cycles) with
a slope of m+2 would be suitable for a wide range of
spectra [eg. as employed by the HSE, DnV and Canadian
codes]. Alternatively, the Slope could be extrapolated at
g the same slope to a lower effective fatigue limit, S',.
[ corresponding to an endurance of 2 x 107 cycles [similar to
' the approach in API and AWS].’

Ty
N

In Figure 6.3, the 'runners’ from the UKOSRP I (1989) project
(generally at 2 x 107 cycles) with T = 32mm. are compared to the
remainder of the in-air database under CA loading.

It would be expected that under CA Joading these runners would,
on the whole, tend to fall below a given stress range. However,
in nearly all cases, these data have end-of-test Tives well in
excess of other data which failed at similar stress ranges.
This pattern 1is repeated for oth hord thicknesses and,
therefore, 1ittle evidence of 3 t endurance limit for

tubutar joints under CA loading can be obtained from this data.
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Further consideration of the endurance 1imit and behavicur of
Joints at low stress is dealt with consideration of variabie
amplitude loading and Miner's rule in Section 6.3.

Endurance limit (T = 32mm)

PR
ey

P

!

I

150

vy

Stress range (N/mms?)
1
i
O
oo
G
—— o
2
<
)
sse s

T
i
/.

10 ] ] i { F S IO O i i H 1 A B 2 { i ! ! HE T
18405 1E+06 1E+Q7 1E+08
Fatigue design life (N3}

1 O Failures & Runners — Mean fit to failed tests

Figure 6.3 Comparison of failed and unfailed specimens with T = 32mm

6.2.5 Cyclic freguency

In UKOSRP I. all in-air plate and tubular joint tests were
carried out at the loading frequencies between 0.5-15.0 Hz. It
was reported that there was no influence on the fatigue life of
variations in loading frequency {(UKOSRP I 1988).

In Figure 6.4, the goodness of fit of the base case S-N curve to
the test data is plotted against the average load frequency
reported. Although there is some trend suggesting enhanced 1ife
with increased loading frequency it should be noted that the
four Tow frequency test specimens all have T = 76mm while the
highest fregquency tests have T = bmm. Therefore. once again
there appears a strong correlaticn between member size and other
variables. in this case leading frequency.
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In seawater under free corrosion the loading Treguency was
varied between 0.01 - 10.0 Hz (R = 0.2 end R = 0.5, It was
f e of growth of cracks decreased as the lcading

equency increased. At the 1imits of loading frequency there
appeared to be & ‘saturation’ in this effect. while at
intermediate frequency the crack propagation rate could vary by
a factor of up to four with each factor of ten change in loading
frequency .

A similar effect was noted for initia

and consequently all subsequent Tesis in

5.1 - (.7 Kz, Tnis effect was also report
t

i

b

[

series of plate fests in-seawaler with

ji]

It was explained that the most likely expianation for the effect
of frequency on corrosion fatigue is the time dependent nature
of the various electrochemical and physical processes which can
cccur under corrosion and corrosion protection.

Therefore, it is recommended that all tests in seawater De
performed at realistic loading frequencies, ie. 0.1 - 0.2 Hz.

Goodness of fit v Loading frequency

13 |
2
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:
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0 2 4 6 &

Loading frequency {Hz}

Figure 6.4 Goodness of fit of basecase 5-N curve
with variation in loading frequency
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6.3 Variable Amplitude Loading

In-service, joints will experience variable amplitude (VA)
loading under mixed loading modes, while to-date the S-N
approach has only been appraised with regard to the large
database of CA locaded tubular joints,

in this section the validity of the S-N approach 1s appraised
for more complex loading modes. The simplest form of VA loading
is a retest on a runner wherehy only two regular cyclic stress
ranges are applied. This is then extended to a single loading
mode under narrow band loading with 2 high irreguiarity factor,
where the variable Toading pattern can be directly related to CA
toading. More complex are the broad band loading spectra with
tower irregularity factors and more numerous cycles that do not
cross the mean siress line. The implications of these single
loading modes on mixed mode loading and damage summation rules

are discussed.

6.3.1 Runners retested at increased load range (sinagle loading mode)

In Section 6.2.4, several runners were referenced with regard to
their usefulness in determining an endurance 1imit for CA test
specimens. If was reported that, in general. these tests lie
above the expected life based on the mean fit S-N curve to the
remainder of the database. Therefore, relating these data to
the mean fit S-N curve will yield Miner’s sums in excess of one
for the initial Joading tevel, irrespective of the secondary
toading Tevel.

In Tahle 6.5 the runner data is assessed on the basis that the
Miner's sum equals one and that all data is above an endurance
cut-off.

S-N curves both with a constant slope of m = 3 and also with a
change of slope to m = 5 at N = 107 are assumed. From these
suppositions two S-N curves can be proposed for each specimen
with the only variable in the S-N curve being the constant K,
adjusted to give D, = 1 for each joint, 1e.

Tog{N) = K - 3.70g(S5) (for all N)
or Tog(N} = K - 3.109(Sg) (for N = 107)
Tog(N) = K - 5.709(Sy) (for N > 107

esults of the single CA loading mode
data there is i a scale effect, such that, on average.
the smaller sc have longer lives for the same stress
range. Furthermore, the three joints with compressive chord end
loading (T = 6mm) exhibit longer lives than the specimens with
no chord end loading, although for this data the advantage of
compressive chord end loading appears reduced.

In accordance

It can be seen that the value of the S-N curve constant, K, 1is
lower in the case of an S-N curve with a change of siope at N =
107, as would be expected. The value of K for the basecase T =
16mm data is around K = 14, which is significantly higher than
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found for the database of single CA loaded specimens in Section
4.4 where K = 12.9. Tnis implies a factor of 2.3 increase in
stress or g factor over ten incrzase in 1ife.

This trend is not unexpected, given that most runners in the
database exceeded the mean S-N curve based on the through
thickness failure data. While this data should not be included
in any curve fitting exercise, due to uncertainties over
endurance Timits. it should be borne in mind that the mean fit
S-N curve 1s erring on the side of conservetivenass due to the
exclusion of this data.

Joint T 51 ni 52 ne K K
Ref. {mm} N/ mm? N/mm2 m =3 m=35
701/2 € 5.3 249 .3 £ 1E6 40z2.7 4 QES 14.08 14 .08
T18/5 € 5.7 1580 & 2.0E7 319.9 1.488 14.76 14.13
T18/6 C 5.9 2311 6.1E6 381.3 1.9E6 1425 14.25
T18/8 C 5.9 161.3 1.557 376.3 3.9£5 13.92 13.82
Ti8/3 C 5.7 311.5 Z.0E7 778.6 7 .BE4 14.81 i4.58
T20/2 € 5.5 2433 2,087 486.6 2 4k 14.50 14.37
T20/4 C 5.9 156.8 2.0t7 488.5 2.4E5 14.26 14.12
Average of 7 No. T = Gmn 14,30 14.21
T17/2 ¢ 5.7¢ 178.7 2 .(QE7 306.4 3.2E5 14,69 13.96
Ti7/16 C 5.6 264.6 2.0E7 443.5 1.5E6 14.70 14,56
720/1 L 5.9 | 379.1 207 482 7 2. 7E6 15.01 14.87
Average of 3 No. T = 6mm (chord Tead) 14.60 14.46
T41/3 B 16.7 178.2 2.0E7 I 534.7 9.7c4 14.11 13.98
Average of 1 No. T = 16mm 14.11 13.98
T41/2 C 32.0 112.7 2,087 262.5 7.6E5 13.63 13.48
T4z/1 C 31.9 52.3 2. 0E7 122.1 5.3E5 12.58 12.45
T43/1 € 2.0 73.1 2.0E7 276.2 2.1E5 13.09 12.95
T43/2 C 32.0 83.1 2.0e7 142.1 2.4E5 13.26 13.13
T43/3 £ 32.0 68.1 2.087 279.7 1.7E5 13.02 12.88
T44/4 8 32.0 132.8 2 0E7 398.3 1.5E5 13.75 13.62
Average of 6 No. T = 32mm 13.22 13.08
Notes:
Chordside fatlure.
B Braceside fatlure.
C Compressive chord end loading.
K Constant always relates to the m = 3 portion of the S-N curve.
m=3:5 Change of siope at N = 107

Table 6.5 Best fit S-N curves to retest data
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Narrow bard random load history

The complex random Toading experienced by joints in offshore
platforms can be better approximated by performing tests under
VA Toading spectra. The simplest form of VA loading is termed
narrow band loading and consists of a regular cyclic pattern
that largely lies about the mean stress, see Figure 1.3. Thus
this type of Toading 1s associated with a high irregularity
factor which is defined as the number of positive-going zero
crossing points divided by the number of maxima.

1o equate Tatigue data performed under narrow band VA Toading to
CA data, the stress rangs neads to be adjusted in accordance to
the root mean square (rms) approach. The rms approach is simple
and 1s independent of both the outcome of the experiment and the
slope of the S-N curve. Only the rms value of the cyclic part
of the curve is taken and thus independent of the mean stress.
Swm-  Two definitions of rms are quoted in UKOSRP I (1988):

1) S5, the rms of the peaks, where S,° = the average
(amplitude)® of each cycle taken over a large number of
cycles, ie, S,° = average [X(t)12,

i1) S, the rms of the process, where S? = the average
(stress)? of each part of each cycle taken over a large
number of cycles. ie, S$'? = average [S(1)7?

where, for narrow band VA leoading:
S(t) = S, + X(t).sin(2rft) and S, = (2)%°%7

S(t) is the stress at time, €. X(t) is the cyclic stress
amplitude and is a (slowly) varying function of time, and ¥ is
the testing freguency.

The rms stress for the process S° is the stress quoted in this
Guide. It should be noted that for CA loading the rms of the
process 1is U,ang,a/?_"'5 and rms of the peaks is 0,,.../2.

For example under CA loading with R = -1. 5, =0 and amplitude
X =% 100 N/mm2, S, = 100 N/mm? and S~ = 70.71 N/mm2.

In the UKOSRP I study three narrow band pseudo-random load
spectra were employed (UKOSRP 1 1988). A Rayleigh distribution
represented the surface loading, a Laplace distribution for
deepwater (in excess of 18m) and a (€/12/20 distribution
representing a 12ft (3.66m) diameter member immersed in 20ft
(6.1m) of water, see Figure 6.5. To obtain reproducibility,
each distribution has a limited block Tength of 100.000 cycles.
with specified stress level variation in each block, eg. ¢/12/20
has 4% of stresses at 1.960,;. 30% @ 1.3660,;. 40% @ 0.7990,;. and
26% @ 0.3470,,. nb,

G =
[0.04(1.960,7)%+0.30(1.3660,,)%+0.40(0.7990,;)%+0.26(0.3470,,)%7°°

where gy = the long term (full block length) rms stress
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Figure 6.5 Non-stationary narrow band random load histories (UKOSRP I 1988)

The results from these three spectra gave similar results for
plate connections, although spectra S, tended to give slightly
shorter lives on average. In UKOSRP I (1988) Spectra S,
£/12/20, alone was applied to alt tubular joint fests under VA
load in-air and to the plate tests in-seawater. For comparison
to these data the same spectra was applied to the narrow band VA
tests in UKOSRP IT (1989a).

In Figure €.6, the VA data for simpie tubular joints is compared
to the CA database (T = 16mm). The VA data has been ircreased
by a factor of 2'®° to equate the results to CA loading with the
assumption that each cycle crosses the mean line (je.
irregularity factor equals 1.0). It can be seen that there is
good correlation between the CA and modified VA data. although
the value of Tog(N3)/Tlog(N3") is around 3% less in the modified
VA data. This difference is insignificant given the other
potential variables in this database.
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Figure 6.6 Comparison of CA and VA S-N data
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Broad band random ioad history

A more compliex and more representative variable amplitude
loading pattern is generated under a broad band spectrum. This
type of loading is associated with a Jower irregularity factor
than narrow band loading as itiustrated in Figure 1.3, and is
far more random in nature.

For narrow band loading the counting of cycles consists simply
of the number of consecutive peaks and troughs experienced, and
their associated ranges being simply the difference between
these two values. For broad band loading the cycle counting and
range estimation is less simple. Several techniques have been
suggested, for exampie:

i)  Rainflow
it} Reservoir
111) Peak/trough

iv) Positive peaks
v} Zerp crossing
vi) Range-pair

Details of these methods are given in UKOSRP IT (1989D) and
Maddox (1991a). It should be noted that the most commonly
referenced methods namely the rainflow and reservoir methods,
‘give the same result if the waveform is considered in the form
used to carry out the reservoir count’, Maddox (1991a). While
the methods themselves appear complex they may be easily
automated by computer.
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In the UKOSRP II project (1989a) cycle Cquﬁ*?”" methods (1) to
(v} were ;@mpares for a single plate connection in-air with no
fatigue 1imit. The following damage su$mabzars were reported:
Cycie counting method Camage summation

Rainfiow 1.158

Reservoir 1.011

Peak/trough 0.664

Positive peaks 1.604

Zerc crossing 0.951

It can be seen that there is reasonadble correlation between all
these cycle counting methods with the exception of the
peak/trough method.

Overall, it was reported that the eight plate broad band loading

tests in-air were in-line with the mean S-N curve, although

stightly less, on average. than the mean fit to the in-air data

??d§58;onstant amplitude ltoading tested in this project (UKOSRP
1989a).

£.3.4 Palmgren-Miner rule {Palmgren 1924 and Miner 1945)

The Palmgren-Miner rule (or more simply Miner’'s rule) relates
the fatigue 1ife under various loading ranges to that under
constant load range by breaking down the random loading patterns
into a series of stress range blocks (5,) each containing n
cycles of loading. such that:

NN = ng /Ny ng /N, o + n/N, = D

In current offshore design codes the Miner’s sum of one {iel [,
= 1) 15 spec1féed as failure (exciuding reductions in 0 due te
difficulty in inspection, criticality of joint, etc).

In the studies referenced in Sections 6.3.1 and 6.3.2 on both
plates and tubular joints. under narrow and broad band lcading,
it was concluded that the behaviour of joints under VA loading
was similar to CA Joading, if correctly interpreted (UKOSRP I
1988 and UKOSRP IT 198%). TWl (1991b) in & summary of VA
fatigue data for welded plate joints in-air conclude that
Miner’'s rule is generally satisfactory for offshore fatigue
design of welded plates in-air. In both programmes it was noted
that there was increased scatter VA data.

Alternatively, several researchers (Ibso and Agerskov (1993).
Eide (1993) and Tubby (1994)) h eported Miner’s sums in the
range D, = 0.5 - 0.8 in-air. i ft all these test programmes
investigated TT Jjoints, which appear to give fatigue lives in-
air under CA Toading that are around one-third to one-half that
seen in other joint types. see Section 5.2, Eide (1993) or Tubby
(1994).

The conclusions for tubular joints in the Ibso and Agerskov
(1993) study were largely based on runners. with D, = 0.75 - 0.85
for the cracked tubutlar 1T joints.
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Eide (1993) recognised the inconsistencies in the TT joint data
and corrected the data for the low degree of bending reported by
Berge (1994). In-air the lives from one TT joint (two data
points) appeared low once adjusted for the low degree of
bending.  In-seawater with (P the three adjusted TT Jjoints
tested gave lives around half the in-air curve. but in-line with
the reduction factor of two on life suggested in the proposed

HSE guidance (HS 1€ and the CSA codes
(CAN/CSA 1992

cted by CP.

Jo

fnere are. however, several problems with the Miner linear
cumuiative damage rule which wiil lead to differences between CA
and VA loading resulfs in some cases:

. Sequence effects have been shown by Din (1994) to be
significant with stress blocks stepping up to a peak value
ytelding longer Tives than stress blocks which have a peak
value followed by stepped stress ranges reducing to zero.

. Compressive stresses may cause less damage than the tensile
loading spectrum and therefore compressive portions of the
spectra may need to be factored accordingly.

. Din (1994} reports that while Miner tested sheet metal in-
airat R=-0.5, R=-0.2 and R = +0.2 with no significant
difference in fatigue behaviour, a series of S-N curves may
be required for plate joints with larger stress ratios.
However, it should be remembered that for offshore tubular
joints fatigue 1ife appears less sensitive to stress range
and as notedoin API (1993} typical values of R would be R
= -0.15 to -0.50.

L Different cycle counting methods yield different damage
summation values, implying that care needs to be taken in
selecting a cycle counting method.  UKOSRP 11 (1989a)
suggests that all methods be employed and the minimum
damage estimate empioyed.

* Rancdom loading generally includes many Tow stress cycles
and therefore the way that the endurance 1limit is
represented in the S-N curve may have a significant effect
upon the damage summation derived. In several assessments
of VA data the change in slope or endurance 1imit at low
stress ranges is ignored.

6.4 Summary of loading Effects

Under CA single mode Toading, OPB tests tended to exhibit longer
tives, on average. than those under axial load or IPB, although
the difference was too small and inconsistent to draw any firm
conclusions. However, the application of a compressive axial
load of 77 N/mm* to the chord ends clearly gives a significant
increase in fatigue life, irrespective of the load applied to
the brace. This raises the prospect of lower Tlives being
associated with members where the chord is in tension.
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Stress ratio, R, has heen identified as being significant for
large values of R, ie. the fatigue Tife reduces as R incresses.
However, API specify that the stress ratic is Tikely to Tlie
between R = -0.15 and R = -0.50 for most Joints in offshore
structures and. given that the fatigue lives noted for R = .]
and R = 0 are not dissimilar, it would appear reasonable to
ignore stress ratio effects in most cases. Similarly, high mean
stresses are likely to reduce fatigue 1ife but are not Hkely to
occur in offshore tubular joints 1n fixed steel platforms.

ine cyctic freguency allied appears to have 1ittle effect in-gir
but is reported to be significant in-seawater either with or
without corrosion protection. Consequently, joints tested in
seawater snould be Toaded at freguencies representative of in-
service joints (ie. 0.1 - 0.2 Hz). It was found that the rate
of crack growth decreases as the Toading frequency increases.

At high stress. most codes 1imit the stress range to either the
capacity of the joint or to a function of steel yield strength,
eg. 2o,. However, platforms have experienced stresses in excess
of this value and yet appeared to be undamaged. Therefore in
reassessing such joints the designer is currently left with
either no guidance in the case of a strict upper limit, or if
the static capacity is adopted a potentially optimistic S-N
curve for high stress-Tow cycle joints. An alternative method.
based on the static design, but more conservative in the high
stress-low cycle regime (1 < N < 10%), has been proposed for
Jjoint reassessment in these cases.

At low stress, endurance 1imits have been identified in plate
fests in-air under constant amplitude loading, with the limit
tending to occur at & given number of cycles rather than at a
given stress range. Few data exist on Tong 1ife tubular Jjoints
with N > 2x107. There is even less data in seawater where
Toading frequency must be realistic of offshore loading, ie 0.1
- 0.2 Hz. ] he scatter in retest and VA loaded
Joints is such that this data can give little aid in determining
imit, change of slope or no change of

Under both narrow band and broad band variable amplitude
loading, the Miner’'s summation appears to give a reasonable
representation  of constant amplitude fatigue behaviour.
However, there .~ cycle counting methods available
band Toading, the rainflow and reservoir methods
most reliable.
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in conclusion, while it is cls that there are Vimitations in
the Miner's damage accumulation model, this simple method does
not appear to consistently overestimate fatigue Tife for typical
tubular joints. However, clearly more investigation of tubular
Joint behaviour is reguired under broad band variable amplitude

loading. in particular.
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7. FATIGUE LIFE OF SIMPLE, AS-WELDED TUBULAR JGINTS IN-AIR

In Sections & and 6 of this Chapter. the influence of hoth geometric and
toading variables upon tubular Joint fatigue Tife have been considered in
detail.

It has been observed that there is a very high degree of correiation
{positive or negative) between the chord thickness. chord diameter. chord
fength, brace thickness, brace diameter, attachment leg length and cyclic
loading freguency. Therefgre, it has proved difficult to identify the
cause and degree of effect that each of these parameters has on Joint

fatigue life. However, following the review of geometric and ioading
variabies the following appear To be of particular significance:

. Thickness of the tubular connection

. Poor weld profile

. Chord axial Toading

L High and Tow stress ranges

. Variable Toading and damage summation.

Therefore, the database employed in Sections 5 and 6 required further
refinement to isolate each of these factors.
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7.1 In-Air S-N Curve and Thickness Exponent

The final screened database Wi
gsntains 1U§ng§jnts with 5.1

Previous assessments have shown that tubular Joints with very
thin members (s6mm) tend to behave in a different manner to the
more representative test data with regard to the scaie effect.
[t has been noted that data from tubular joints with a member
thickness Tess than 16mm require a more substantial scale effect
correction factor than data from tubuiar joints with members in
excess of lomm. However, it should be remembered that the bulk
of the data relate to members that are nominally 6mm, 16mm, 32mm
or 7émm thick, and that members between 6mm and 16mm may yield
results more consistent with data from members with thicknesses
around 16mm.

The following analyses have been performed both including and
excluding data below the nominal thickness of 16mm (a b%
variation from this nominal value has been allowed and therefore
the Tower thickness 1imit was taken to be T = 15 2mm).

A summary database of the 48 acceptable tubuiar joints. with
nominal : thi ' ' i
Tab]1

d memb

7
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Pager ¥ £ iife
Ref ] e (N3
x158
UKOSRP 1 Te5/3 B 158 4.
Didkstra 25 9 159 3.
D jkstra 29 G159 1.8
W repair 1 0 12.0 8,
TRI repair 2 BBV . 0.
Thl repai 3 A2 A 4,
Wl rer 4 0 12.0 3 7.
S 5 7.0 5 0,319
WD ranair 7 2.6 430 5 3305
Tél repair 13 2.0 37.4 5 4325
TWl repair 15 § 120 88.g A 0.223
TWi recair 19 4 2.9 &80 4 0.679
UKOSRPE 11 &l 0 8.0 .5 .03¢9
UKQSRP 1T 4 g 8.0 - .z 0.14]
UKJSRP {1 G3 A 8.0 - 68.3 - he 0.21%
UKOSRP 1 K3/l 160 B4 220 1803 1822 cChord 1100
UKGSRP T T22/1 16,1 100 52.0 306.8  293.3  Chord  5.29D
UKOSRP | T22/2 1681 9.2 &0 1775 2270 Chord  0.050
UKOSRP 1 T38/3 162 9.5 885 2221 2498  Brace §.610
UKOSRP | T25/2 163 16.3 700 310.5  281.5 cChord  9.180
UKOSRP | T38/6 16.3 9.3 &80 145.1 183.2 Chord 1.800
UKOSRP | T38/5 164 5.4 68.0 148.3 1747 Chord 1.98D
UKOSRP | 13874 1564 9.3 53.0 208.4 2454 ‘Chord  0.535
UKOSRP 1 T35/1 164 65 530 1837 240.0 cChord 2700
UKGSRP 1 T22/3 165 9.4 810 1313 1652 Chord  3.600
UKOSRP | 12143 17.5 17.3  70.0 132.3  161.7 Chord  7.500
UKOSRP 1 e/ 177 175 0.9 1739 2353 C&w 1.100
UKQSRP 1 2872 177 171 7m0 671 2641 CEW D610
COSRP TAL 194 19.0 - 251.0 - Chord  0.665
CGSRP 181 19.¢ 19.¢ - 2541 - Crhord (.235
Bijkstra 13 31.7 159 - 94.3 - Chord  4.100
Diikstra 14 31.7 15.9 - 269.¢ - Chord  0.150
Dijkstra 15 1.7 159 - i57.2 - Chord  0.950
Biikstra 34 31.7 15.9 - 79.1 - Chord  12.000
Dijkstra 35 31.7 159 450 1878 - Chord 0.700
UKOSRP | T42/4 319 96 500 B88.6 1844 Chord 2.230
UKOSRP 1 Tal/1 32,0 319 100.0 77.0 40.8 Chord 21.000
UKOSRP I 14173 32.0 31.9 100.0 158.6 1002 Chord 1.400
UKOSRP | T4174 320 31.9 100.0 102.1 57.3  Chord  3.460
UKOSRP 1 T43/4 320 150 5800 90.9 §5.7  Chord  7.500
UKOSRP 1T 7210 32.0 162 377 146.5 1711 Chord  3.900
UKOSRP 11 T215 3.0 158 33.1 197.9  173.2 Chord 0.673
UKOSRP 11 1215 /6.0 38.4 5.1 1148  158.0 Chord 2.950
UKOSRP 11 71217 76.0 38.0 83.2 2041 2285 Chord 9.324
UKOSRE 1T 71218 /6.0 380 62.4 1561 159.7 chord  ©.910
UXKOSRP 11 77219 6.0 37.7 851 2877 301 Chord  0.116

Table 7.1 Fatigue S-N database for satisfactory wel
in-air, under CA loading with no chord end load 4
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To determine the most appropriate S-N curve for in-air data
under constant amplitude loceding with acceptabie weld profile,
the database was appraised with the scale factor based on: the
chord thickness (T), brace thickness (t). attachment length (1)
and failed member thickness (T7). In all cases the base
thickness was taken to be 16mm. with the values of the scale
effect exponent (n) and coefficients K and m in the expressions:

Tog(N) = K - m.Tog(Sg) * S,
and Sg = S.(t/16)"
determined to give a minimum standard error (Sg). This

expression was also optimised for the coefficients n and K for
fixedm=3. (nb. t,=T. t, T or T as specified),

The results of this assessment are given in Table 7.3a for al]
joints and in Table 7.3b excluding very small scale Jjoints.

For the cases where the scale correction is based on the chord
or brace thickness the database is assessed both for all joints
and for joints with members greater than the nominal 16mm alone.
For the case where the scale correction is based on the
attachment thickness the database is assessed both for al]
joints and for joints with attachments greater than Z25mm, which
roughly excludes the same small scale joints as for the other

SCenarios.
Thickness All thicknesses
effect Variable m m=3
Sg = S.(T/16)" | Tog(N) | 12.20-2.63.10g(S) 13.07-3.70g(S)
n 0.39 (.39
(GG tests) Se (.2835 0.2902
Sg = S.{t/162" | Tog(N) 11.87-2.58.10g(S) | 12.82-3.70g(S)
n 0.46 0.46
{90 tests) Se 0.2857 (0.2944
Sg = S.(1/19)"° Tog(N) | 12.17-2.42 1og(S) 13.64-3 . Tog(S)
n 0.42 0.44
(71 tests) Se 0.2971 0.3098
Sg = S(T/16)" | Tog(N) 12.06-2.60.10g(S) | 13.00-3.%10g(S)
n 0.40 .39
(90 tests) Se 0.2686 0.2773

Table 7.3a Appraisal of scale effect (full screened database)
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Thickness Excluding very small scale joints
efrect Variable m mo= 3
Sg = S.(H/163" | Tog(Ny | 12.25-2.68 . Tog(S) | 12.99-3 1og(S)
n 0.25 0.26
(58 tests) Se 0.2425 0.2494
Sg = S.(E/18)" | Tog(N) | 13.05-3.14.10g(S) 12.74-3 Tog(S)
n 6.16 0.10
(25 tests) Se 0.199¢ 0.2006
S = S5.(1/16)° Tog(N) | 11.95-2.37 Tog(S) 13.55-2 70g(S)
n 0.35 .38
______ ; (4] tests) Sg {0,2887 0.3077
| Se = S.(T/16)" | log(N) | 12.25-2.72.10g9(S) | 12.90-3 10g(S)
n 6.21 0.22
(46 tests) Se 0.1931 0.2011

Table 7.3b Appraisal of scale effect
(excluding very small scale joints)

It can be seen in both Tables 7.3a and 7.3b that basing the
scale factor on the thickness of the appropriate member gives
the least scatter (Sg = 0.193 - 0.201 for T" = 1émm, and S; =
0.269 - 0.277 for all joints). For this scale effect approach,
an exponent of n =~ 0.40 would be required if all data were
included or n = 0.22 if only member thicknesses in excess of
lemm were considered.

Since tubular joints with member thicknesses less than 16mm are
particularly unrepresentative of offshore structures and have
tended to be disregarded in the past le, effect
correction of n = 0.22 for this database ¢ i
appears most representative. e
standard error is relatively insensitive to changes in this
scale effect exponent. Therefore, while it would appear
reasonable to adopt the scale effect exponent of n = 0.25
currentiy employed in the API (1993), DnV (1992) and HSE (1993a)
o codes (Sg = §.2019, K = 12.92), increasing this exponent to n =
o 0.30, as currently proposed by the HSE (1993b). does not appear
Justified from this tubular joint data.

Furthermore, the difference in standard error between the
optimal slope S-N curve and the curve with m = 3 is small and
therefore the fixing of the slope at m = 3 appears justified.

Therefore the recommended mean S-N curve for tubular joints in-
air with no chord end loading is:

log{R} = 12.90 - 3.709(S;) Se = 0.20
where Sg = S.(T'/16)%%
and T° is the thickness of the member under
consideration.

C6060R09.07 Rev B September 1995 Page 7.6 of 7.17



BoMEL et (O

eviation design S-N curve would
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1og(N) = 12.50 - 3.709(5y)

ie. The design fatigue life is 40% of the mean fatigue life.
These S-N curves and the 46 datapoints used to determine these
S-N curves are 1llustrated in Figure 7.1,

This 5-N curve 1s most similar to the proposed HSE T curve
{MaTSU 1992) with

T mean: TogiN) = 12,947 - 3.709(Sy)
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Furthermore, by chance. this curve is identical to the base case
S-N curve from the less well screened database defined in
Section 4.4 and empioyed in Sections 5 and 6 of this Chapter.
Therefore, the goodness of fit assessments made against the
basecase S-N curve made in these sections remain valid.

100 [N : ! F
; I
A e
\“\
~
~\‘?\<2 o
= ‘\\\“\N O T
P o C}~\\N£% O L]
=~
© ~ R
) }\
™ ol —
- el vl Ao C\\\Tiw
£ i \x\\\ I
£ “\\\T} Rl O
= Ny
2 >~ ¢ ™o
g 100 ) = A
ﬁ ™ L Fle gy
&
Nresidgyd | -2sD
1
1E+04 1E+405 {E+06 1E+07 $E+08

Fatigue design life {N3)

Figure 7.1 Mean and design S-N curves for acceptable profile,
in-air, under CA loading (no chord end load)
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7.2 Poor Weld Profile

Minimising the standard error for this dataset for fixed values
of n =0.25 and m = 3, in accordance with the acceptable weld
profile S-N curve gives:

Tog(N) = 12.91 - 3.1og(S,) Se = 0.336

o Therefore, the mean acceptable and poor weld profiie S-N curves
o are aimost identical, except for the degree of uncertainty in
fatigue life estimates.
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wWeld  Stress range Fatigue
Paper Joint T T Tey Himme atied  life
Ref. Ref. mm mm length Member (N3}
mm Chord Brace x16°
UKOSRP T T37/13 184 376 950 . Poor profile
UKGSRP ! 137/3 157 17.8 959 g, Poor profile
UKOSRP 1 T37/5 158 174 859 1. Poor prafile
UKOSRE | 12372 159 6.6 200 4. Poor profile
Didkstra 5 5% g2 - i) Pocr orofile
Gijkstra 6 159 187 i1 Poor
3 : 7 53 g2 - & Poor
& 5% &7 75 Boor pre
g 59 azs - 4.7 Poor 1
11 159 53 1 9 Poor nrafils
12 5.9 6.2 - 3 - . Poor pro
I T37/7 16,0 176 950 1798 819 15,010 Poor profile
1 T32/% 161 189 950 1201 755 6.950 Poor profile
UKOSRP 1 T37/8 165 17.8 950 2692 168.7 1,260 Poor profile
UKOSRP [ 737/12 165 17.0 §5.0 3952 247 7 $.243 Poor profile
UKOSRP 1 T37/L 165 178 950 2711 189.8 0.290 Poor profile
UROSRP T 7377100 158 163 550 1780 1118 3.790 Poor profile
UKOSRP | Tea’y  17.2 5.6 200 2041 187 .4 2.6500 Poor profile
UKOSRP 1 T23/1 183 6.6 200 15.3 147.4  Chord 5.100 Poor profiie
Lieurade A 22.8 21.5 315 2357 162.4 Chord G467 Profile >60°
UKOSRP 1 T42/2 319 9.6 3B 94.4 1284 Chord  4.790 Poor profile
UKOSRP 1 T42/3 319 s.6 380 76.3 102 8 Chord 14.600 Poor profile
UKOSRP 1T T711 32.0 165 37.7 1998 IB1.4 Chord 1.050 -Poor profile
Lieurade B8 40.0 220 32.0 152.8 150.7 Chord 0.649 Profile =507
Lieurade D 416 414 514 2221 150.2 Chord  0.372 Profile »50°
Lieurade oo 446 435 835 131.9 - Chord  §.47F Profile »60°
Lieurade cC /5.0 22,8 32.8 86.0 1774 Chord 0.650 Profile »60°
Lieurade 3 75.0 40.0 50.0 126.0 100.2 Chord 0655 Profite »80°
Lieurade EE 76.7 435 53,5 131.6 144.3 Chord 0.464 Profile =60°

Table 7.43 Fatigue S-N database for poor weld profile, in-air,
under CA Toading with no chord end load (T = 16mm)
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For joints with poor weld profile 1t is recommended that the
mean 5-N curve emploved is also:

1og(N) = 12.90 - 3.709(Sy)
while the design S-N curve is-
Tog(N) = 12.20 - 3.Tog{S,)
e, The design fatigue Tife of uncontrolled weld profiles s
20% of the mean life or half the design Tife of joints with

gcceptable weld orofiles.
+

“”ﬁqéég,m

The 29 datapoints representing the poor weld profiles are
plotted, along with the satisfactory weld profile data. against
the mean and design S-N curves in Figure 7.2 (T = 16mm).

It should be emphasised that joints should not be designed to
this S-N curve with poor quality welds specified. This S-N
curve should only be used to reassess Joints where, on
inspection, the weld is considered to be below the acceptable

profiie.
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Figure 7.2 Mean and design S-N curves for poor and satisfactory
weld profile data, in-air under CA loading (no chord end Toad)
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7.3 Endurance Limits and Variabie Amplitude loadina

In Section 6.3 test results from specimens that did not fail
under a single constant amplitude load range were discussed.
Runners retested at higher load ranges, narrow band random
loading and broad band narrow loading were considered, along
with the Palmgren-Miner damage summation ruie (Palmgren 1924 and

Miner 1945).

In Sections 6.2.4 and 6.3.1. the specification of an endurance
Timit was considered with reference to the ‘runners’ data.
However, this review was inconclusive with runners {generaliy
specimens that reached 20 million cycles) in line with. rather
tha? below, stress ranges associated with typicat fatigue
failures.

This data is reproduced in Table 7.5 with the damage estimated
under the assumption that the S-N curve has no change of slope
at Tong life.

It can be seen that at the extremes. Joint T42/1 failed below
expectations (D, = 0.81) although only 20% of the damage can be
attributed to a stress range well in excess of a typical
endurance 1imit of around 80-100 N/mm2 . Atternatively, specimen
143/3 failed well above expectations (D, = 2.19) suggesting that
Tittle damage occurred at the stress range of 69.1 N/mm2.

Of the variable amplitude loaded tubular Joints considered in
Section 6.3, only five joints in the UKOSRP I (1589) and UKOSRP
IT (1988b) programmes under narrow band (£/12/20) random loading
pass the screening criteria specified in Section 7.1.

Joint T S Sg Meas. Est. Est. Total
Ref. mm | N/mm? | N/mm* | cycles | life damage | damage
x10° x10°

T41/2 1 32.0 | 112.7 | 134.0 20.00 3.30 1 6.06 8.97
262.51 312.2 0.76 0.26 | 2.91

T42/1 1 31.91 52.3 62.2 20,001 33.051 0.61 (.81
1221 145.1 0.53 2.601 0.20

T43/1132.01 73.1 86.9 20,00 12.16f 1.65 2.59
276.2 | 328.5 0.21 0.221 0.94

T43/2 1 32.01 83.1 98.8 20.00 8.24| 2.43 3.88
14211 169.0 2.40 1.651 1.46

T43/3 {1 32.0} 69.1 82.1 20,00 14.34] 1.39 2.19
279.7 | 332.6 0.17 0.221 0.80

Table 7.5 Runners retested at a higher stress range that pass
the final screening criteria, from UKOSRP I (1989)
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in this wvariable amplitude loading distribu
irregularity factor exceeds 0.99 (ie over 99% of cyel

the mean stress level, and the long term root mean sguar
stress range of the process Oipm, ( = 0.0/ (2V2)) comprises fo
average stress levels:
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1) 308 @ 1.3500 1rme

111) 40% @ 0.799%,,..
iv) 26% @ 0.3470i1m.

For each of these stress levels there are variations in the
magnitude of each individual stress cycle, however. these four
levels do give an indication of the relative damage that can be
attributed to each stress range.

In Table 7.6. the damage attributable to each stress range leve)
15 estimated (assuming no change in the slope of the S-N curve
at tow stress levels). It can be seen that for these specimens,
the 26% of cycles at the Towest stress range contribute to less
than 2% of the damage. Therefore, the difference in fatigue
1ife between no change in slope and a cut-off endurance limit at
around S0 N/mm? 1s inconsequential for these specimens.

Joint T S Se Meas. Est. Est. Total
Ref. mm | N/mm2 | N/mm2 | cycles iife damage | damage
x10° x10° D,
T39/8 116.0 | 162.1 | 317.7 $.096 0.248 1 §.388 1.65
221.4 0.720 0.732 | 0.984
129.5 0.960 3.656 | 0.263
56.2 0.624 1 44 6331 0.014
T205 {32.0 | 173.0 | 339.1 0.042 0.204 1 0.208 0.89
236.3 0.318 0.602 | 0.529
138.2 0.424 3.007 § 0.141
60.0 0.2761 36.704 | 0.008
Te07 | 32.0 ] 231.9} 454.5 0.092 0.0851] 1.092 4.65
316.8 0.693 0.2501 2.773
185.3 (.924 1.249 1 0.740
80.5 0.6011 15.245 1 0.039
1212 1 32.0 | 248.7 | 487.4 0.015 0.069 | 0.222 0.94
339.7 0.114 0.203 1 0.563
198.7 0.152 1.013} 0.150
86.3 0.0991 12.362 | 0.008
1213 {1 32.0; 98.2} 192.4 0.344 1.115 ¢ 0.309 1.31
134.1 2.580 3.2931 0.784
78.4 3.440 1 16.4551 0.209
341 2.2361200.883 1 0.011

Table 7.6 Variable amplitude tests that pass the final
screening criteria, from UKOSRP I (1989) and UKOSRP II (19839b)
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Lomparing the data from runners retested to failure and narrow
band varigble amplitude, for Joints with both acceptable and
poor weld profile. to the mean and design S-N curves specified
noSections 7.1 and 7.2, indicates that the fatigue lives of
acceptable weld profile joint are in-Tine with constant
amplitude results, while the specimens with poor weld profila
tend to fall below the mean S-N curve but above the appropriate
design S-N curves, as illustrated in Figure 7.3,

Wnile there 1s evidence from tests g connections, in
particular. that an endurance Timit occurs in. rounder constant
amplitude Joading et around N = 107, the results  from
connactions under varizble ampiitude foading are more uncertain.
fhe point at which any endurance limit or reduced slope may be
applied must be somewhat arbitrary due to the lack of data and
inconsistencies in cyc] Ling methods and Miner’'s sum.
1 on fatigue 1ife rather than

Stress appears justified si ower endurance 1imit could be
anticipated for thicker joints due to the larger. coarser grain
size with more unfavourably shaped inclusions and the higher
probability of having a significant initial defect.

Retested runners and Variabla amplitude loading tests
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Figure 7.3 Mean S-N curves for runners retested and for
narrow band variable amplitude loading
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7.4 Highly Stressed Tubular Joints

The 5-N approach assumes that stresses do not exceed the elastic
imit. However, given that stress concentrations are generally
very localised around hot-spot locations., offshore tubular
Joints may experience stresses that exceed local yield but do
not cause significant plastic deformation.

In Section 6.2.3. the different approaches emplioyed in the codes
for specifying a maximum aliowable stress range were presented.
While designers are given guidance on the behaviour of Joints
under one extreme load and for many lesser Toading cycles where
the magnitude of the peak hot-spot stress does not exceed the
material yield stress, there is Tittle guidance on the treatment
of stresses between these values. Therefore, under the current
codes, reassessment of joints subjected to several high stress
cycles implies that there is no remaining 1ife on these joints.
even though no visible cracking may be evident.

In Section 6.2.3 an alternative approach was suggested. This
approach is summarised below. While load history affects the
Joint behaviour beyond local yield, this approach does appear to
be relatively conservative in the assumption of SCF and stress
ratio and conseguently, despite the aforementioned limitations,
gives the designer the ability to approximate remaining 1ife
where no suitable alternative method currently exists.

For stress ranges with equivalent estimated lives below 10°
cycles it is recommended that the S-N relationship for
reassessment be based on the linear extrapolation between
S(N=10%) and S(N=1)

L S(N=10%) 1is determined from the appropriate design S-N
curve.

. S(N=1) 1is determined from the static design capacity of the
specified joint, by:

1) Assuming R = -0.25 and that P, = 0.8P,, then

(1-R)P, = 1.25P, = P,

where P, is the ultimate load for the joint

and P, is the yield Toad for the joint (not to be
confused with the elastic limit at the hot-
spot Tocation).

1) If the axial mean stress level is compressive or
unknown P, is the compressive design resistance,
else, if the axial mean stress level is tensile. P,
is the tensile design resistance.

For bDending stresses, M, is the design maximum
allowable moment.

{(See Chapter 3 for recommended static strength
formutae.)
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111 Determine nominal stress O, = P/A or ¢, = M/7.

v} Estimate the hol-spot stress range 2t static failure

S(N=1) by:
S(N=1) = o, SCF

(See Chapter 4 for recommended SCF formulae)

7.5 Chord Axial loading

-

InSection 6.1.2, the application of a compressive chord foading
of 77 N/mm* to the chord ends during the fatigue tests led to a
significantly enhanced fatigue Jife under axial brace load or
IPB.  Screening this data in the manner described in Section
7.1, reduces the database to only one joint with an acceptable
weld profile, while there are a further three joints with poor
weld profiles.

In Figure 7.4, these four data points are compared to the mean
S-N curve proposed for tubular joints. It can be seen that all
four specimens exhibit Tives in excess of those estimated for
Joints with no chord end loading. The three joints with poor
welds have an average damage of D, = 2.58, while the one joint
with an acceptable weld profile has a damage summation of D), =
10.71.

It should be noted that no tests have been performed with a
significant tensile axial Toad or a bending moment applied to
the chord ends and. therefore. it may be that these loadcases
significantly reduce the fatigue 1ife of the joint. This is an
area worthy of further consideration, however, at present, no
account of chord end loading is made in determining either SCFs
or fatigue life.

Test data with chard end axial compressive loading of 77 Nfmm?
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Figure 7.4 Mean S-N curves for joints tested with compressive
chord axial loading of 77 N/mm?
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ror joints tested in-air the following S-N curves have been
found to best represent the test data collated in this Guide and
thoroughly screened. These S-H curves are tliustrated in Figyre
7.5.

The mean S-N curve for tubular Joints in-air with ng chord end
toading is-

0% = K = 107
N = 197
The design S-N curve is given by:

Tog(N) = 12.500 - 3.70g(Sy) 10 = N = 1p?
log(N) = 1og{Sy) Nz 107

where Se = S.(T°/16)°%
. and T”_is the thickness of the member under consideration

(T = 16mm).

1e. The design fatigue life is 40% of the mean fatigue tife.
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Figure 7.5 Mean and design S-N curves for Joints tested in-air
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For reassessment ofily, the remaining life for joints with poor
weld profite should be based on the following design curve:

log{(N) = 12.200 - 3.10g(Ss) 10° = N = 107

N = 107

and T" 1s the thickness of the member under consideration

(T = 1émm).

ie. The design fatigue Yife of uncontrolled weld profiles i
20% of the mean life, or half the ign 11 of Joi
with acceptable weld profiles -

To estimate remaining Tife in joints that have experienced
significant stress ranges, beyond the elastic limit., the S-N
curve should be interpolated between the S-N value at N = 10°

and at N = 10°

the stress range at N = 10%° = 1 can be based on the static
design capacity of the specified joint. as follows-

(N=1) = g, SCF

Orange

where Oom = P/A O 0, = M /7.

If the axial mean stress level is compressive or unknown P, is
the compressive design resistance; else. if the axia) mean
stress level is tensile. P, is the tensile design resistance.
For bending stresses, M, is the design maximum allowahle moment
See Chapter 3 for recommended static strength formulae and
Chapter 4 for relevant SCF formulae. :
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8. INFLUENCE OF ENVIRONMENT

Most fatigue damage on fixed steel jacket structures tends to be
associated with either the first Tevel beneath the wateriine or near to
the base of the jacket. At both these regions of the jacket the tubular
Joints are continually subjected to the corrosive effects of seawater.
In this Section the effect of seawater on tubular Joint fatigue life is
appraised in both the free corrosion (FC) condition and with varying
tevels of corrosive protection (CP) applied.

fue to the relatively few data from tubular Joints tested in-seawater
empnasis will be placed on the behaviour of the Jjoints in-seawater
refative to the behaviour of joints in-air. in accordance with the
approach adopted in most design codes.

8.1 Design Codes

The API and AWS X and X° curves are presented as lower bound S-N
curves to a database of test results covering all available
data, irrespective of the loading, geometry, joint complexity
and environment. It has been recognised in a review of the API
approach by Marshall (1993) that the results from tests in-
seawater lie, on average, below those from tests in-air.
However. although the seawater data is nearer to the design
curve and therefore "less safe’ no modification to these lower
bound S-N curves was needed to account for seawater effects.

the Lloyd's Register Q curve (Lloyds 1989) assumes that CP and
PWHT have been applied in the approved manner. No change of
stope or endurance Timit is specified with this curve. unless it
can be justified by the designer.

The effect of seawater on fatique 1ife as described by the T S-N
curve is treated differently by the current HSE (1993a) OnV
(1992) and Canadian (CAN/CSA 1992) codes.

UK HSE code (1993a). the fatigue life of a tubular
awater with adequate CP is treated in the same way as
a joint in-air (ie. the T curve was applied). With inadequate,
or no, CP the S-N curve is reduced by a factor of two on 1ife
and nc relaxation in the slope of the S-N curve at N = 107

specified.

DnV (1992) follow the same approach as the UK HSE except for an
additional reduction factor on the allowable damage sum, which
ts 1.0 above the splash zone. 0.5 below or in the splash zone,
and 0.33 1f there 1s no access for inspection and repair (which
is considered to be the case in the splash zone in harsh
environments such as the North Sea).

The Canadian code (CAN/CSA 1992) follows the same approach as
the UK HSE code except that the S-N curve for submerged joints
protected by CP is reduced by a factor of two on life and
therefore only differs from the unprotected Joint S-N curve in-
seawater for N > 107
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in the Tatest modifications to the HSE Guidance Notes (HSE 1995)
more severe penalties are applied to joints in-seawater. Tha T°
Curve 1s reduced by a factor of two on life for joints with
adequate CP subjected to stresses in excess of Sg = 95 N/mm? for
the basecase thickness of T = 16mm. Beneath S, = 95 N/mm? the
T" curve changes slope to m = 5 and merges with the in-air T
curve.  For joints in-seawater under free corrosion conditions
a factor of three is recommended with no change of slope at Tow
stress ranges,

8.2 Review of Published Data

The database of joints in-seawater is given in Appendix D.

The main programmes of work and their individual conclusions are
summarised below.

[ Cole (1990, 1993) AZ X joints, CP = - 850mY
IT  Tubby (1994) CA 4 7T joints, CP = -1030mV

VA 18 7T joints, CP = -1030mv
[Tl Ramachandra Murthy (1994) 2 T/Y joints, FC

simple joints
9 T/Y joints. FC
stitfened joints

IV Dover (1987, MaTsSU 1992) VA Joints, CP = -850mYy
PWHT + CA Joints, CP = -850mv
PWHT + YA Joints, CP = -850mV

Y Hara (1986) Jjoints, FC
J

joints, FC (ground)
VI Gerald (1987)
VIT Wylde (1988)

joints, CP = - 800mV

Jjoints, FC
joints, FC (ground)

VIT UKOSRP IT (1989a, 1989b) Joints, CP = - 850my

IX  Dijkstra and de Back (1981) 1 T joints, CP = - 850mv
3T joints, FC
X COSRP (198%) 2 T joints, CP = -850mYy

stiffened Jjoints
g.2.1 Cole (1990 and 1993)

Cole (19590, 1993) reported comparisons of over 70 T-butt joints
and over 45 X nodes both in-air and in-seawater with CP.

In Cole (1990)., 25 X joint tests in-seawater with CP were
discussed. These X joint tests comprised nine joints under IPR
with normalised steel, eight joints under IPB with controlled
rolled steel. four joints under IPB with accelerated cooled
steel. two joints under tensile axial load with normalised steel
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and two joints under tensiie axial Toad with controlied rolled
steel. In all cases the chord thickness was 7 = 32mm.  No test
results were tabulated in this Reference, although S5-N plots
were reproduced. It was found that neither the steel treatment
nor the loading mode appeared to significantly affect fatigue
life. It was reported that the fatigue Tife at low stress
ranges was similar to, or even in excess of, that for in-air,
while at high stress the Tife was arcund half that for in-air.

s

Cole {1993}, the resulis from a further seventeen ¥ joints in
eawater with CP and three X joints in-air were reported, under
PB loading. with T = 50mm. This enabled the authors to make
conclusions about the fthickness effect and the effect of
seawater on joints with corrosion protection. Again the results
were only presented as an S-N curve. It was concluded that the
thickness effect in plate tests in-air differed from that in-
seawater and with that for tubular joints. Again a consistent
reduction in fatigue 1ife was observed in joints in seawater
with CP of -850mV. The authors suggested that this recduction in
life was around two and ergued that this reduction should be
applied at all stress ranges.

e BFY et

For simple tubular joints in-air this data would have failed the
screening criteria.  However since this dataset represents
nearly two-thirds of the data for tubular joints in-seawater
with CP waiving the screening criteria appears Jjustified.
C$nsequeat1y, data values have been estimated from the S-N
plots.

The accuracy of this method could be checked for the 25 X joints
in Cole (1990) where a best fit expression was reported for this

data as:
Tog(N3) = 13.4 - 3.4310g(S) Se = 0.128
Eé The stress:fatigue 1ife data based on the S-N plot in Cole

(1990) is given in Appendix D and yields:
Tog(N3) = 13.15 - 3.3110g(S) Se = 0.135

which is not significantly different. Attempts will be made to
obtain the exact stress-life values and further details
concerning the test programme.

8.2.2 Tubby (1994)

In this programme four TT joints were tested under CA loading
and ten TT joints were tested under broad band VA Toading in-
seawater with CP of -1030mV. The T7 joint configuration was
discussed in Section 5.2 and was found to give inconsistent
results in-air, with measured 1lives around half those typical of
simple tubular joints. Consequently these configurations had to
be screened out of the in-air database.

Therefore. in this Section the data are compared to the in-air

database from the same study, but the seawater results are not
included in the assessment in Section 8.3.
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In comparison with the relatively low life in-air TT Jjoints,
Tubby (1994) concluded that the average reduction in Tife for
the seawater tests with CP = -1030mV was a factor of 0.5
although there was considerable scatter in these results. Af
fow stress, the cdata appeared to be less affected by seawater
and the measured lives were similar to, if not greater than,
those in-air at the same stress range.

Ramachandra Murthy (1994)

oo
[
Cad

Ramachandra Murthy (1994} within the Indian SERC programme
examined the free corrgsion behavicur of nine stiffensd T/Y
Joints and two unstiffened T/Y joints under axial load in warm
seawater {(Z25°C). Jue to complex cracking near the ring-
stiffeners the average free corrosion reduction factor on 1ife
of around four may be larger than expected, see Section 10.3.
However. the two joints without stiffening also exhibited Tives
around one-quarter of those in-air.

8.3.4 Dover (1987, MaTSU 1992y

Within the scope of the 'Cohesive programme of research and
development into fatigue of offshore structures’ . Dover (1987)
reported results from eight T joints tested in-seawater with CP
of -850mV. Four tests were tested under CA lcading with PWHT
applied (T = 19mm) while four were tested under broad band VA
loading without PWHT. In MaTSU (1992) a further two tests under
CA Toading with PWHT in-seawater with CP applied (T = 16mm) were
reported, although these have yet to be formally published.

Overall it was concluded (Dover 1987) that PWHT had no effect on
these joint 1ives and that the reduction in 1ife compared to in-
air tests led to Miner’'s sums between 0.5 at high stress to 1.0
at lower stress ranges of around 110 N/mm2. The VA data was
modeiled using the rainflow and range-pair cycle counting
methods and it was found that the Miner's summation was on
average 28% larger using the rainflow method. Cycle counting
methods for broad band Tecading are discussed in Section 6.3.3.

8.3.5 Hara (1986)

Hara (1986) reported the results of 490 MPa class steels
produced by both rnormal and thermo-mechanical control processes
under free corrosion conditions. The eight T joint tests (T =
20mm) under axial load considered differences in these two steel
processes and the effect of weld toe grinding on fatigue 1ife.
The results were inconsistently reported in terms of load range,
nominal strain range and hot-spot strain range. It would appear
that the most reliable data is the hot-spot ’“stress’ range
plotted in this paper, with the hot-spot stress = hot-spot
strain x £ (= 200,000 N/mm2). 1In this assessment the stress has
been increased by a further 20% to account for differences
between SCFs and SNCFs.

Overall. it appears that the different steel processes have no
effect on fatigue 1ife. Grinding enhanced fatigue life in-
seawater under free corrosion, particularly in the Tow endurance
region wnere fewer corrosion pits formed.
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Within the French scope of the FCSC project, Gerald (1987)
reported the results from six X joints with improved welds in-
air and in-seawater with CP of -850my.

As-welded the seawater test had a 1ife around half that in-air.
However, following TIG aressing the reverse effect was recorded
with the 1ife of the seawater test at least twice that for in-
air (nb the seawater test was a runner at N = 107 The two
tests with shot peening were hoth runners apd therefore no
conciusions could be made.

g.2.7 Aylde (1988)

Wylde (1988) considered the effect of FC on simple T joints both
With and without grinding of the weld toe. Two joints were
investigated with no grinding and three with grinding of the
weld toe. Grinding the weld toe enhanced fatique life.

The fatigue Tives in-seawater were consistently less than the
equivalent in-air Tives, although the reduction in 1ife was by
tess than a factor of two.

8.2.8 UKOSRP 11 (1989a, 1989h)
As part of the second phase of the UKOSRP study. four T joints

were tested in seawater with CP of -850mV. A1l four joints were
tested under axial load with a chord thickness of T = 32mm.

Overall it was noted that fatigue lives from these tests n-
seawater were significantly less than for the equivalent in-air
Joints, and a reduction factor of two on 17fe was recommended.

8.2.9 Dijkstra and de Back (1981)

In the ECSC project, Dijkstra and de Back (1981} in the
Netherlands tested one T joint in-seawater with CP of - 850my
and three T joints under free corrosion. The T Jjoint with CP
and one of the T joints under free corrosion had T = 32mm while
the other two T joints under free corrosion had T = 16mm.

It was concluded from these tests that the fatigue life in-
seawater was 0.4 times the Tlifetime 1in-air. Although
differences in crack initiation and growth were reported, no
difference in life between the tests in-seawater with and
without CP was noted.

8.2.10  COSRP_(1989)

Within the scope of the COSRP (1989) two internaily ring-
stiffened T joints were tested under axial load in seawater with
CP of -850mV applied. These were compared to a further eight
stiffened joints in-air, of which two were tested under pure
axial Toad. In addition, six pipe to plate joints were tested
in-seawater (two with CP = -850mV, two with CP = -1100my and two
under free corrosion) and a further two pipe to plate joints
were tested in-air.
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The two tubular joints in-seawater sxhibited Vives siightly
below half those in-air, with the in-air data correlating well
with the simple joint mean S-N curve.

The two pipe to plate tests in-air also gave good correiation to
the tubular T mean S-N curve. By comparison, the two pipe to
plate tests with optimum CP exhibited lives arcund 1 8 below in-
air, while the overprotected CP pipe to plates gave 1ives around
2.8 below the in-air curve. Under free corrosion. these pipe to
plate connections gave even lower lives with an average
reduction factor of around 5.6 on in-air 1ife

§.3 Appraisal of Test Data

8.3.1 [n-seawater with corrosion protection

Figure 8.1 illustrates the S-N behaviour of tubular joints in
seawater with i J. The data has been
obtained from th . 1993) . Dover (1987, MaTSy
1992, UKOSRP IT (1989b) and Dijkstra and de Back (1981). A7]

these tests have CP levels of around -850mv.

It can be seen that the data from the seawater tests
consistently lies below that for in-air (nb. the S-N curve in-
air has been modified to T = 32mm. since most data
is from joints with T = 32mm). The average damage sum for these
Joints is D; = 0.65 compared to the in-air S-N curve. For each
data set the average damage sums are: Cole b, = 0.67 from 42
tests, Dover D, = 0.62 from ten tests, UKOSRP II 0, = 0.59 from

™

four tests, and Dijkstra and de Back D, = 0.48 from one test.

Fatigue behaviour of tubular joints in-seawater with CP

(Al data normalised to T = 32mm)
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Figure 8.1 Mean T and 0.5T S-N curves for tubular joints
in seawater with CP
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siope in the S-N curve, particulariy at
‘ been noted 1in several papers. with the
tives of joints in-seawater with CP approaching and often
exceeding those in-air at low stress ranges. This possible
trend may be due to the build-up of calcareous scale deposits
within cracks, although their reactions and effects upon fatigue
Tife are very complex, UKOSRP 11 (198%a).

it should be noted that. with the exception of six tests hy
Dover ((1987) and referenced within MaTSU (1992)) . all specimens
were lested under constant amplitude loading. Therefore the
increase in tife at Tow stress ranges may be due fo an increased
endursnce 1imit for joints in-seawater with £P. 1t should atso
be rioted that two of the three joints with long Tives at Tow
stress range tested by Dover were PWHT which has more effect at
Tow stress ranges (see Section 9.2.1).

In UKOSRP 11 (1989a) the effect of differing levels of CP was
investigated with regard to plate connections under CA loading.
while in COSRP (1989) CP level on pipe to plate joints under CA
loading was assessed. In the UKOSRP II study it was concluded
that lower Tives were generally associated with high CP levels,
although most data, including joints under free corrosion, fell
near to the mean F plate curve, and therefore did not exhibit a
significant reduction in 1ife when compared to in-air tests. In
the COSRP pipe to plate tests, reduction factors of 1.8 and 2.8
were reported for CP levels of -850mV and -1100mV respectively.

8.3.2  In-seawater under free corrosion

Figure 8.2 illustrates the S-N behaviour of tubular Joints in
seawater under free corrosion £EEY. It can be seen that 1ittle
data is available on tubular joints under FC. with most of this
data failing to meet the strict screening criteria applied to
the in-air database.
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The average damage sum for these joints is 0, = 0.52 compared to
the in-air S-N curve. For each data set the average damage sums
are: Hara O, = 0.67 from four tests at 5°C, Uylde D, = 0.80 from
two tests at

0°C, Dijkstra and de Back D, = 0.37 from three
d Ramachandra Murthy 0, = 0.15 from two tests at
e, there is a significant degree of variation

L data. with some apparent correlation to water
em . However 1t should also be noted that the two pipe
Lo piate tests in the COSRP (1989) gave low damage sums around
D, = 0.2 in seawater of 5°C.

Fatigue behaviour of as-welded tubular joints in-seawater under free COTasion
(Al data normatised to T * 16mm)
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Figure 8.2 Mean T, 0.33T and 0.25T $-N curves for
tubular joints in seawater under FC

In UKOSRP II (1989a) the effect of seawater temperature on
fatigue 1ife under free corrosion was investigated with regard
to plate specimens. It was concluded that the life could be
reduced by a factor of two between tests at 5° and tests at
20°C. although caution was expressed due to the lack of data.

In conclusion, it has generally been noted in tests on both
tubular and plate connections that the fatigue life under free
corrosion conditions is less than with optimum CP levels
applied. However. there is considerable scatter and a lack of
good quality data. particularly for tubular joints under FC
conditions.
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Due to the Jack of

ity data it s recommended that a
reduction factor of an

€c be applied for j
(= 10°C) . and of fair
Joints under free corrosion in warm waters (> 10 >
\ While the reduction in life due to temperature

ess than two, it is recognised that based on this
dataset the factor of three for FC in cool waters is a lower

o bound and therefore potentially conservative.

8,3.§5 In-splash zone with coating

In addition to joints fully submerged in-seawater, it s
important to protect joints in the splash zone against fatigue
corrgsion, where the corrosion protection system is deemed
ino t1

e s In UKOSRP I (1989) under free corrosion
conditions with ‘intermittent immersion in seawater (six hours
wel, six hours dry) iowever no difference was noted in
comparison with the immersed joints under free corrosion
conditions.

To this effect fatigue tests were performed g

In UKOSRP I (19893) the effect of applying paint coatings was
assessed. Three types of coating were investigated on plate
connections:

1. Polyamide adduct cured epoxy coal tar system
2. High build epoxy system
3. isocyanate cured epoxy coal tar system

A1l coatings had beneficial effect in comparison to the
unprotected data. particulariy at low stress reanges. At N = 10°
the average benefit in terms of increased strength was:

1. Polyamide cured coating = 38%
2. Epoxy coating = 17%
3. Isocyanate cured ccating = /6%
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9. INFLUENCE OF MATERIALS AND POST-FABRICATION TREATMENTS

9.1 High Strength Steels

The infiuence of seawater on the fatigue behaviour of higher
strength steels is thought to be possibly | than for
medium strength steels because of their gre ptibilit
to hydrogen induced cracking.

fce
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The lack of data on the effects of environment on the fatigue
behaviour of high strength stee] welds resyited in the HSE
(1993a) including a caution for the application of the treatment
of environmental effects for steels with yield strengths greater
than 400 N/mm2,

More recently, MaTSU (1992) have reported a limited number of
tests on welded plates with yield stresses up to 540 N/mm2. The
range of environmental reduction factors 1in both freely
corroding and cathodically protected environments were generally
similar to those found for medium strength steels. This led to
the recommendation that the high strength steel 1imit be
increased to 500 N/mm? for plate specimens. but since oniy two
tubular joints with stresses significantly in excess of 400
N/mm? have been tested in seawater. no increase in this 1imit
was recommended for tubular joints.
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9.2 Post Fabrication Treatment

In this Section. the effect of post fabrication joint
improvement methods are considered in terms of improved fatigue
behaviour. The following methods are considered:

] Post-Weld Heat Treatment (PWHT)

. Weld toe grinding
. Hammer peening

. shob peening

] TIG dressing

In all of these cases the improvement noted tends to be
illustrated by a rotation in the S-N curve such that the slope
is more shallow., and the endurance limit under constant
imp1§tude loading appears to become effective at higher stress
evels.

In this Section, since there is a tendency for the S-N curve to
be increased relative to the stress axis, fatigue benefit is
generaliy expressed in terms of an improvement in fatigue
strength as well as in fatigue 1ife,

Reference should also be made to Chapter 7 where the use of
these technigues in repair are assessed.

WO
ra

Post-weld heat treatment {PWHT)

[

9.2.1.1 Design Codes

Section 21.8.10 of the HSE Guidance Notes ;) covers the
effects of PWHT and circumstances in which PWHT 1s required.

‘PWHT brings about a beneficial reduction in the Jlevel of
tensile residual stress. It will also affect the mechanical
properties of weldments but not always in a beneficial manner.
The net effect on defect tolerance with regard to brittle
fracture 1s usually beneficial, but each case should be treated
on its merits.  Reference should be made to Chapter 2 for more
details on PWHT application and guidance requirements.

In the proposed modifications to the HSE Fatigue Guidance Notes
(HSE 1995) a new addition has been made to the section 'Stresses
to be Considered” to cover the effect of PWHT.

‘For PWHT joints the fatigue performance may improve as the Joad
applied becomes more compressive. However, under purely tensile
foading the fatigue performance should be regarded as that for
as-welded joints. It is recommended that for PWHT joints, no
advantage in terms of fatigue performance should be taken at the
design stage.’ '
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In addition to the clause stating that the stress range for PWHT
should be the same as the as-welded case. HSE (1993h) states:
‘However, in the event that it can be demonstrated using
validated techniques that a compressive component of the
compined applied and residual stresses exists and can be
quantified, 1t would be permissible to assume a stress range for
fatigue of the tensile component pius 60% of the compressive
component . To ensure the effectiveness of post-weld heat
Lreatment, the process should be carried cut in accordance with
accepted standards (eg. BS 5500}

This s the first gquantitative recognition in codes of the

beneficial effect of PWHT. In previocus editions and alternative

codes, PWHT is a safeguard against brittle fracture. through the

guarantee of satisfactory standards of fracture toughness in the

weld metal and heat affected zone. This treatment may also

relieve the weld residual stresses which would otherwise be
o present at levels which can Tocally attain yield stress
- magnitude.

9.2.1.2 Review of published data
The database of joints with PWHT applied is given in Appendix E.

The main programmes of work and their individual conclusions are
summarised below.

I Lieurade (1981) 10 X joints, in-air
[T UKOSRP I (1988) 8 T joints. in-air
ITI  Dover (1987, MaTSU 1992) 4 T joints, seawater (CA)

2 T joints, seawater (VA)
IV UKOSRP IT (1989a, 1989b) 4T joints, in-air
Lieurade (1981) |

In the French programme of the ECSC funded project, Lieurade
(1981) reported ten X joint tests. These tests, in-air, had one
brace as-welded and one brace PWHT. Five Jjoints were tested
under axial load and five under IPB, with chord thicknesses in
the range T = 22mm - 78mm (R = 0.1).

In four tests failures were recorded in both the as-welded and
PWHT braces, while a further three tests had failures in the
PWHT brace but runners in the as-welded brace. These joints are
summarised in Tabie 9.2.1. It can be seen that in most cases
crack initiation occurs on the as-welded side prior to the PWHT
side. This is in-Tine with expectations as most benefit of PWHT
would be expected to be gained at the crack initiation and earty
crack growth stage. since the residual stresses involved are
localised in nature. For the four joints with cracking on both
sides, three fail on the as-welded side first, with the average
benefit in Tife for these four joints only 5%. It should also
be noted that the joints with the shortest life (ref. D) and
longest 1ife (ref. C') had the worst and best performance due to
PWHT respectively.
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A Rumber of Cycles (R = 4. 1)
Joint or
HT N1 N2 N3 N4
A Al 48800 148000 462060 750000
HT 225000 350000 - 75GG00
8 A - 210080 - 586060
HT 55000 174000 461900 58000
C Ent 2580056 295000 - 1270048
HT 138000 : 1135600 1273000
2 A - 435000
£ A 78004 128504 11000
HT 220000 420000 911000
A Ald 55000 91006 - 191040
HT 36000 82000 158008 151060
8 AR 105000 136000 649000 766000
HT 340000 385000 - 768000
C Al 25600 155006 6500060 661000
HY 174085 205000 722000 723006
) Al 125000 160000 471000 650000
HT 135000 175000 501008 650000
£ A 35000 89000 464460 551000
HT 30009 89000 507000 551060

Table 9.2.1 Comparison of

UKGSRP T (1988) and UKOSRP

11 (1989a)

as-welded and PWHT connections

¢

In UKOSRP I (1988) tubular joints were tested at nominal chord
thicknesses of T = 6mm, 16mm, 32mm and 76mm. The HSE guidance
at that time DEn (1984a) required PWHT to be applied to joints
with member thicknesses in excess of 50mm. Conseguently, to
represent offshore practice the eight joints with T = 76mm were
tested with PWHT appiied. However, in assessing the results of
the UKOSRP I programme it became clear that these data were
affected by PWHT and consequently the scale effect was difficult
to quantify for thick joints.

To determine the effects of both scale and PWHT, the second
phase of the UKOSRP project (UKOSRP I1 1989a) included four as-
wglded H joints with T = 76mm and four PWHT T joints with T =
32mm.

Overall, it was concluded that PWHT can increase the fatique
Tife by factors between 1.1 and 2.5 in tubular joints under
axial Toad (R = -1) in the range N = 10°% and 107. Because crack
initiation and early crack growth forms a larger proportion of
the overall life at lower stresses the benefit of PWHT is
considerably larger at low stresses (factor greater than two on
life at 70MPa) than at high stresses (negligible benefit at 300
MPa). Furthermore, thick joints spend relatively less time in
%he crack initiation phase and therefore receive less benefit
rom PWHT .
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Dover (1987, MaTisy 1992

in Section 8 of this Chapter. the effect of seawater on fatigue
iife was considered. In this assessment. six tests by Dover
(1987, MaTSU 1992) were reported with PWHT applied to the
Joints. It was reported that PWHT of the joints had negligiblie
effect in the seawater environment with corrosion protection
under either constant or variable amplitude Toading (R = Q).

However, in Figure 8.1, i
low stress range with Ph
cannot be determined w

-t e
Sgwaler e7viecis.

that the joints at very
‘nave longer lives, although it
Lhis o ts due to PWHY effects or

9.2.1.3 Assessment of PWHT effects

In Figure 9.2.1. the Lieurade (1981) and UKOSRP (UKQSRP 1 1988,
UKOSRP II 1989a) datasets have been reproduced.

1t can be seen that the Lieurade data lies below the mean in-air
S-N curve based on as-welded joints. However. as can be seen in
Table 9.2.1 all the data from this Reference have lives lower
than expected. Potential reasons for the low life reported in
these tests are the fairly steep weld and possible inaccuracy in
the SCF measurement near the weld toe.

The UKOSRP data shows a clear rotation in the S-N curve, with
- significant enhancement in 1ife at stress ranges normalised to

? arcund 200 N/mm? for T = lémm. The three joints with failures
below the in-air curve are brace failures and consequently have
had the brace stress adjusted for the brace thickness.

In the UKOSRP II (198%a) project. the effect of PWHT was also
assessed for plate connections in-air and in-seawater with CP.
It was noted that the stress ratio had a significant effect on
the benefit of PWHT. For R = -1 there was maximum benefit
(factors on tife of 1.2 t0 2.2), at R = -0.5 factors on life of
1.2 to 1.5, while at tensile R = 0, negligible benefit was

observed.
Fatigue behaviour of fubutar joints with PWHT
{Al data norreised W T = T8mm)
i
x hd 'Y
- . -
<;h""“-- L] » » -
cl
% . \-._\-_.,,.___“ Hé:"ﬂd ;&»Atﬂ-
E
'?E-m 1EeliS £E+08 TE«Q7
Fasqua ste (N3) .

o UKCSRP (R} & Lisurmde =01} |

Figure 9.2.1 Lffect of PWHT on tubular joints in-air
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9.2.1.4 Summary

PWHT of tubular joints can improve the fatigue behaviour of
tubular joints at stress ranges of R < 0 (ie. some compressive
component), although this benefit may only be significant at
reiatively Tow stress ranges.

Therefore, it 1s recommended that the proposed HSE (1993b)
modification be adopted. as given in Section 9.2.1.1. ie.

For PWHT joints the fatigue performance may improve as the load
applied becomes more compressive. However. under purely tensile
loading the fatigue performance should be regarded as that for
as-welded joints. It 7s recommended that for FWHT joints, no
advantage in terms of fatique performance should be taken at the
design stage.’

‘However, in the event that it can be demonstrated using
validated techniques that a compressive component  of the
compined applied and residual stresses exists and can be
quantified, it would be permissible to assume a stress range for
fatigue of the tensile component plus 60% of the compressive
component . To ensure the effectiveness of post-weld heat
treatment, the process should be carried out in accordance with
gccepted standards (eg. BS 5500).°

9.2.2 Grinding
9.2.2.1 Design Codes

In the design codes reviewsd in Section 3. improvements in
fatigue due to weld toe grinding are allowed for in most codes.

APT (1993) state that ‘For branch thicknesses greater than 1 in.
(25mm). the X-curve may be used without scale effect provided
the profile is ground smooth to a radius greater than or equal
to half the branch thickness. Final grinding marks should be
- transverse lo the weld axis and the entire finished profile
- should pass magnetic particle inspection.’

AWS (1992) gives guidance on obtaining the required weld profile
to allow use of the curves X, and K,. The recommended weld
profile is similar to that given in API (1993). AWS state that
‘For the purpose of enhanced fatigue behaviour, and where
specified in contract documents, the following profile
improvements [wrt grinding] may be undertakern:

I. A capping layer may be applied so that the as-welded
surface merges smoothly with the adjoining base metal, and
approximates the profile specified. Notches in the profile
shall be no deeper than 1.0mm relative to a disc having a
diameter equal to or greater than the brace member
thickness.

2. The weld surface may be ground to the profile specified.
Final grinding marks shall be transverse to the weld axis.’
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WS also state that the smooth surface profile of fully ground
welds exnibit no size effects. :

The current HSE (1993a) and proposed HSE (1993b) codes are
essentially similer with respect to grinding benefit. The
current HSE code states that 'For welded joints involving
potential fatigue cracking from the weld toe an improvement in
strength by at Jeast 30%. equivalent to a factor of 2.2 on life,
can be obtained by controlled Jocal machining or grinding of the
weld toe. However. it 1s recommended that no advantage for toe
grinding should be taken at the initial design stage and only
Joints adequately protected from corrosion can receive thHis
benefit.’

‘This 1s normally carried out either with a rotary burr or by
disc grinding. The treatment should produce a smooth concave
profile at the weld toe with the depth of the depression
penetraling into the plate surface to at least 0.5mm below the
bottom of any visible undercut and ensuring that no exposed
defects remain. The maximum depth of local machining or
grinding should not exceed 2mm or 5% of the plate thickness. ',
see Figure 9.2.2.

The proposed modification allows the same benefit of grinding in
reassessment but "It 7s recommended that the finag) grinding
operation should be carried out using a rotary burr to provide
@ generous radius to blend with the surrounding material.’, ie.
disc grinding is no Jonger recommended. Furthermore, ‘“An
appropriate NDE technique eg. BS 6072 should be used to ensure
that no significant defects remain after grinding. where
dppropriate, the final ground surface should be suitably
protected in order to avoid local corrosion pitting prior to the
application of cathodic protection.’

OnV (1992) note that the effect of weld profiling giving the
weld a smooth concave profile compared to the typical trianqular
or convex shape may increase the fatigue properties. Thus.
provided weld profiling is carried out, an X curve in line with
APT RPZA (API 1993) may be accepted instead of the T curve.

For joints in seawater with adequate CP grinding may be used,
once in-service, to enhance the joint 1ife. A factor of two on
life can be obtained by controlled local machining or grinding
of the weld toe. This is normally carried out by a rotary burr.
The treatment should produce a smooth concave profile at the
weld toe with the depth of depression penetrating into the plate
surface to at least 0.5mm below the bottom of any visible
undercut. The maximum grinding depth should not exceed 2mm or
5% of the plate thickness. whichever is smaller.
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Denth of grinding should be
0 5mm below bottom of any
visible undercun

Depth of grinding should be
i G.5mum below bottom of any
visible undercut.

]
el
[
g

Maximum depth of grinding
into parent plate 2.0mm or
Q.05¢t {whichever is less)

| f.q-...

Chord -~
I I - i I [ - 1‘ '
Figure 9.2.2 Weld toe grinding

C6060R09.07 Rev B September 1995 Page 9.9 of 9.14



BOMEL 5505008 Q‘f

©.2.2.2 Review of published data

Since the effect of grinding is Tocal to the weld, the vast
majority of studies concerned with the effects of grinding have
been carried out on plate connections rather than more expensive
tubular joints. In UKOSRP II (1989b) one brace of the four
large H joints tested with T = 76mm under axial load was ground.
However, in all cases the test was terminated soon after the as-
welded end of the ¢ross-brace failed and thus no valid data on
ground joints was obtained on through thickness failures.
Comparing crack initiation (NZ). the ground weld toes exhibited
cracking 1.9 to 4.3 times later (on average over three times
tater) than the as-weided braces.

In Section 8 of this Chapter, seven joints were reported in
seawater under free corrosion with ground welds, four by Hara
(1986} and three by Wylde (1988). In comparison with the other
six as-welded tests in seawater examined in these studies the
benefit of grinding was equivalent to a factor of 1.7 on life.
Despite being in-seawater under free corrosion the average 1ife
of these joints is arcund 20% greater than the mean in-air S-N
curve, although there is considerable scatter in these results.

In UKOSRP I (1988) and UKOSRP I (1989a3) several tests on plate
connections with ground welds were also investigated.

In UKOSRP T (1988) tests were carried out on 25mm and 38mm
plates under axial and bending loads (R = 0). It was reported
that at an endurance of N = 2x10°, a 100% increase in strength
(factor of eight on 1ife) in-air and a 30% increase in strength
(factor of Z.2 on 1life) in-seawater under free corrosion
resulted from grinding the weld. It was also stated that
comparable tests within the ECSC project, as reported by
Haagensen (1981) and Van Leevwen (1981), gave improved strengths
of 40% in-air (2.7 on 1ife) and 45% in-seawater (3.0 on life).

In UKOSRP 1T (1989a) the effects of grinding on welds in-
seawater and on welds in-air with PWHT were investigated using
cruciform and T-butt specimens. In-seawater, on plate tests
with CP = -850mV and CP = -1100mV (following pre-corrosion) it
was concluded that the benefit of grinding was the same in-
seawater with optimum CP as in-air. Tests in-seawater with
cathodic overprotection following a period of free corrosion
suggested that the benefif of grinding was less at around a
factor of 1.7 on life (cf. Hara {1986) and Wylde (1988) tubular
joint tests). In-air with PWHT, the fatigue behaviour was in-
Tine with that noted for tubular joints and ground plate tests,
with increased 1ife due to grinding and additional increases in
life on joints with R < 0 under low stress ranges due to the
effect of PWHT.

Pang (1993) has modelled fillet welded joints using the MARC FE
orogram with differing weld toe radii in-line with those
produced by grinding (0.5mm, 1.0mm., 2.5mm and 5.0mm). Pang
recommended a weld foe radius of 5.0mm as giving the lowest
stress conceniration factor. The FE analysis showed that weld
toe trggtment Dy grinding could enhance the fatigue strength by
up to 53%.
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Haagensen (1987, 1994) has given consideration to the
improvement in fatigue 1ife due To several techniques, including
grinding, on plate specimens. In 1987, Haagensen noted g Tairiy
consistent improvement of 50% in the fatigue strength due to
grinding., and 156% in both grinding and shot peening was
performed on the joint. In an extension to this study Haagensen
(1994) reported fatigue strength improvements of 50% - 60% at N
= 2x10° cycles due to grinding and a 154% - 216% improvement
when grinding was performed prior fo hammer peening.

8.72.2.3 Summary

An improvement in strength of around 30% was adopted in the HSE
(1993a) and Dnv (1992) Guidance Notes in-air or in-seawater with
adeguate CP largely based on this plate data, although this
benefit cannot be taken alt the design stage. It appears
reasonable that similar effects will result on tubular joints.

Increases in fatigue lives tend to be more significant at lower
stress ranges, but even so, improvements in fatigue strength in
excess of 30% are typical in-air and in-seawater with CP. In-
seawater under free corrosion conditions, grinding is less
effective, yet improvements in strength by a factor of 20% are
common.

Due to the lack of data., it is recommended that the largest
factor on life currentiy allowed for in guidance notes be
adopted.  This allowance is an increase of 30% on fatigue
strength (ie. 2.2 on 1ife) in-air or in seawater with adequate
CP, as specified in the HSE (1993a) Guidance Notes.

g 2.3 Hammer peening

§.2.3.1 Design Codes

AWS (1992) gives the most comprehensive guidance on peening.
The Code states that ‘For the purpose of enhanced fatigue
behaviour, and where specified in contract documents. the
following profile improvements [wrt peening] may be undertaken:

‘The toe of the weld may be peened with a blunt instrument. so
as to produce local plastic deformation which smooths the
transition between weld and base metal, while inducing a
compressive residual stress. Such peening shall always be done
after visual inspection, and be followed by magnetic particle
inspection’ (as described).

Consideration should be given to the possibility of Tlocally
degraded notch toughness due to peening.

In order to qualify for fatigue categories X, and K,
representative welds (all welds for non-redundant structures or
where peening has been applied) shall receive magnetic particle
inspection for surface and near-surface discontinuities. Any
indications which cannot be resolved by light grinding shall be
repaired.
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Since peening only improves a relgtively limited volume of
welded joint. the size effect would be expected to show up
fairly soon if peening is the only measure taken: however,
peening should not incur a size effect penalty where it 1s done
in addition to profile control.’

Other design codes have not yet included detailed provisions on
hammer peening and its application to offshore structures.

¥e
N
=
~o

Review of published data

in UKOSRP I (1988) 2 fow piate specimens of T = 25mm and 7 =
Jemm were hammer peensd and tested in-air under axial and
bending loading modes. The data showed a substantial
improvement in fatigue 1ife, particularly at low stress ranges.
There was some uncertainty in the data as thinner plates tended
to fail at Jower Tives than the thicker plates. with all
failures occurring well away from the peened region in the
parent plate.

In UKGSRP IT1 (198%a), further plate tests were undertaken in-
seawater with CP. In accordance with the results in Phase 1,
all tests failed away from the peened area in the parent pilate
at very long fatigue lives. It was concluded that the hot-spot
Tocation was no longer associated with the weld toe due to the
substantial benefit of hammer peening. Therefore, the S-N curve
applicable to the parent plate (Class B) determined the fatigue
lives of these specimens. although caution was expressed due to
the lack of data in these studies.

Hammer peening combinea with grinding was appraised by Haagensen
(1994) who reported strength improvements of 154% - 216%.

9.2.3.3 Summary

Hammer peening improves the fatigue 1ife of joints by
introducing compressive residual stresses. All test data on
hammer peening comes from plate specimens and consistently shows
a very significant increase in fatigue behaviour, particularly
at the lower stress ranges. For lives of around N = 2x10° an
increase in fatigue strength in excess of 150% is typical (ie.
a factor of over 15 on life), which diminishes at lower iives so
that at N = 10* there would be little, if any, benefit. In most
tests reported the base plate fails prior to the weld toe
suggesting that the Class B S-N curve should be applied to
determine the joint fatigue 1ife in these cases.

Clearly codes should encourage the use of hammer peening
provided it is applied 1in the correct manner. To prevent
nossible overestimation of strength that could occur at high
stress ranges, 1t is recommended that an S-N curve with
shallower slope (eg. Class B) be adopted. However, it should be
remembered that in the proposed HSE (1993b) guidance all S-N
curves will have a slope of m = 3 below N = 10’ cycles.
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Shot peening

9.2.4.1 Design Codes

The effect of shot peening is covered in AWS (1992) as described
in Section 9.3.3.1. Other codes do not discuss the effect of
shot peening.

W0
o
e
PO

Review of published data

The effect of shot peening 1s a‘ﬁ% to_compress the surface
}ers of the spefwmenﬁ and create r ual comprassive stresses
the weid toe region.

"S

in UKOSRP II (1989a) the effect of light and heavy shot was
considered for plate specimens in-air and in-seawater with CP.
It was reported that both methods gave improvement in sirength
of around 50% in-air and 30% in-seawater with CP at N = 2x10°.
The use of heavy shot peening resulted in a marginally greater
increase in the fatigue strength in-air, but the results were
more widely scattered. Since the effect of shot peening is
restricted to the introduction of surface compressive stresses.
it was considered that the benefits of this method are Timited
to the crack initiation and early crack growth phases.

Haagensen (198/7) 1in & study of several weld improvement
techn%qaes stated that hammer peening has tittle. or Jo. effect
at N = 10* but increased strength by 58% at N = 2x10°.

Bignonnet (1987) also considered shot peening on plate specimens
of two steel grades, t460 and E550. The fatigue strength
enhancement for these two steel types was similar. increasing
the strength by around 80% at N = 10°. Extrapolating the mean
fit S-N curves would alsc indicate that there would be no
benefit of shot peening at N = 10°.

9.2.4.3 Summary

Shot peening, in a similar manner to hammer peening, improves
the fatigue life of joints by introducing compressive residual
stresses. Ali test data on shot peening comes from plate
specimens and consisiently shows a significant increase in
fatigue behaviour, part1cu7ar§y at the Tower stress ranges. For
Tives of around 2x10° an increase in fatigue strength in excess
of 50% is typical (ie. a factor of over three on 1ife), which
diminishes at lower lives so that at N = 10* there would be
little, if any, benefit.

Like hammer peening, it is recommended that an S-N curve with

shallower slope be adopted and good practice established in the
codes.
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T1G dressing
9.2.5.1 Design Codes

The effect of TIG dressing is not discussed in the current
design codes

9.2.5.2 Review of published data

In UKOSRP T (1988} some plate tests were performed on T = 25mm
and 38mm specimens under axial load and bending in-air with TIG
dressing.  The weld toe region was remelted using a tungsten
electrode. No filler material was used and the fusion ared was
surrounded by an inert gas to reduce oxidisation. The results
of these tests suggest that TIG dressing gave an insignificant
benefit above 200 N/mm?. but did give a more consistent benefit
below this stress level.

Within the ECSC project Hazagensen {1981) and Van Leevwen (1981)
also considered the effects of TIG dressing on fatigue 1ife in-
Seawater. In these tests the effect of TIG dressing was
considered to be superior to that cbserved in the UKQSRP I
programme, with Haagensen reporting an increase of 44% in
strength over that in the as-welded condition.

9.2.5.3 Summary

TIG dressing does give some improvement in fatigue life,
although it appears to be the least effective method for
enhancing fatigue behaviocur considered in this Chapter.

Improvements in fatigue strength of 20% - 40% have been reported
at N = 2x10°. although this benefit appears to diminish until
around N = 10°, below which no significant difference is
reported between as-weided and TIG dressed specimens.
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10, FATIGUE BEHAVIOUR OF COMPLEX TURULAR JOINTS AND GIRTH WELDS

10.1 Overlapping Braces

10.1.1  Desiun codes

In the fatigue S-N design codes. the effect upon joint life of
overiapping braces is not considered to be significant, although
1t s recognised that the maximum stress and failure location
may differ considerably from those associated with non-
overlapping braces.

in the proposed modifications to the MSE Guidance Notes (HSE
1995) . overlapped joints are referenced under 'Stresses to be
Considered’”. In this Section it states that ‘The hot-spot
stress approach should also be used for overlapped joints except
that the joint intersection includes the common weld between the

two braces.’

10.1.2  Review of published data

The database of joints with overlapping braces is given 1in
Appendix £ The data have been obtained from the two phases of
the UKGSRP programme:

I UKOSRP T (1988. 1989) 10 K joints, in-air
4 KT joints, in air

IT  UKOSRP II (198%a. 1989b) 18 K joints. in-air
106.1.2.1 UKOSRP I (1988, 1989)

In the first phase of the UKOSRP programme a total of fourteen

overlapped K and KT joints were tested in-air under balanced

axial load and unbalanced out-of-plane bending. Five K joints

with T = 6mm are screened out in accordance with the criteria

specified for non-overlapping braces in Section 7. The
‘ remaining nine Joints have a nominal chord thickness of
- T = lomm. Eight of these specimens failed in the chord member
(or in the weld itself) under unbalanced OPB loading. while the
ninth test under balanced axial Toading was a runner at
8.2 x 10° cycles.

In the UKOSRP 1 final summary report the data from the
overlapping Jjoint tests were not differentiated from the
remainder of the database.

10.1.2.2 UKOSRP II (1989a, 1989b)

In the second phase of the UKOSRP programme a total of eighteen
K joints were tested with overlapping braces - six under Task
5.2 at Wimpey Laboratories and twelve under Task 5.6 of the
project. Wwhile most joints had nominal chord thicknesses of T
= lomm two tests examined joints with T = 1Z2mm and two tests
considered joints with 7 = 9mm. With the exception of two tests
with brace thicknesses of t = 12.5mm. these specimens had brace
thicknesses of t = Bmm.
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Al Joints were tested under balanced axial load. Two spacimens
failed prematurely at the at

in the chord member while

member .

attachment flanges, Tive Joints failed
ie eleven joints failed in the brace
Overall it was reported that the fatigue results from these
tests with overlapping braces are in-line with the data for
simple tubular joint tests.

[ g
L]
[

Anpraisal of test data

In the database, there are 2ight tests with chordside failures
and T = 16mm thus meeting the screening criteria for simple
tubular joints. (In the UKOSRP II project there are two further
resuits meeting this specification, although no N3 values were
reported. One additional test only had strain gauge results on
the chordside yet experienced failure on the braceside.) These
data are plotted on Figure 10.1.1 and it can be seen that in
comparison with the mean fit S-N curve for simple tubular joints
these specimens generally exhibit lives in excess of those
predicted. For the eight joints with T = 16mm that passed the
screening criteria the average damage summation is D, = 1.53.

For the six joints that failed on the chordside with T < 16mm.
the average damage summation is considerably higher at D, = 3.21,
with significantly longer Tives measured on joints with T = émm
than on joints with T = 9-12mm. This reinforces the findings
from the simple joint database that the Timit of T = 16mm on the
scale effect gives a conservative estimate of life for very
smalt scale tubular joints.

the data relating to failures on the braceside (t < 16mm) also
has an average damage sum in excess of that for the chordside
with T = 16mm (D, = 1.69). However, the results from these
braceside failures are considerably more scattered with more
specimens failing prior to expectation than in excess of
expectation. This increase in scatter is primarily due to the
failures along the common weld between the overlapping braces
where both the weld and stress distribution are more complex.

10.1.4 Recommendations

From the database collated in this Guide, the average fatigue
1ife on overlapped tubular joints appears longer than for the
equivalent gapped joints, provided the hot-spot location is away
from the common weld region. However, there is insufficient
evidence to suggest that an alternative classification detail
should be specified for the common weld.

Given the Timited data on overlapping braces in tubular joints
1t is recommended that overlapped joints be assessed in an
identical manner to simple gapped tubular joints. Designers
should attempt to design the connection so that the maximum
stress is on the brace/chord intersection rather than on the
commor: weld between overlapping braces. Alternatively, it may
be advisable to grind the common weld to minimise the risk of
premature failure in this region.
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Figure 10.1.1 S-N data for overlapped tubular joints
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0.2 Multiplanar Tubular Joints

10.2.1 Design codes

At present, while some Design Codes for tubular joints recognise
different SCFs for multiplanar rather than unipianar joints, no
differentiation is made with regard to the S-N approach.

10.2.2  Review of sublished data

The fatigue database of muitiplanar tubular joints is given in
Appendix F. This database oniy covers two tesi programmes with
ail tests performed in-air. The main programmes of work and
their individual ceonclusions are summarised below.

I Romeijn (1993) 16 KK joints, in-air

IT Dijkstra and de Back (1981) 4 T(Ty joints, in-air
g T{X) Joints, in-air
2 X(T) joints, in-air

(nb. X(T) represents a loaded X joini with an unloaded T brace
out-of-plane, etc.)

10.2.2.1 Romeijn (1993)

TNO Building and Construction Research in conjunction with Delft
University, Mannesmannrohren-Werke AG and Universitdt Karlsruhe
performed a number of experimental and thecretic model tests on
circular and rectangular hollow truss frames. with triangular
Cross-section.

Four tubular girders were tested at TNO with 7 = 0.5, 8 = 0.4
and 0.6, and ¥y = 6 and 12 ({e. T = Bmm and 16mm}. The braces
were inclined at 45° in-plane and 60° out-of-plane forming the
triangular truss. Each girder contained four Jjoints, two gap
joints and two overlapped joints. Load was applied at the mid-

i span location and stresses in each joint measured accordingly.

o Thus in the fatigue tests four failures were sought, one

. associated with each joint. In this paper no consideration was
given to the effect of one joint failing on the other intact
joints within the girder. However., some increase in stress
range may be expected following the first joint failure.

Overall, the data lay about the mean proposed HSE (1993b) S-N
curve for uniplanar joints with an average D, = 0.8Z reported.
It was. therefore, recommended that multiplanar joints be
assessed against uniplanar S-N curves although the authors
cautioned that no thickness correction should be taken for plate
thicknesses if less than l6mm.

10.2.2.2 Dijkstra and de Back (1981)

In addition to the large UKOSRP T (1988) study, the ECSC funded
several complementary test programmes throughout Europe. Eight
multiplanar fatigue tests were performed at TNO : two T joints
with an additional brace at 90° (7 = 6.3mm), two T joints with
two additional braces at 90° and 270° (T = 6.3mm), two T joints
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wWith one additional brace at 90° (T = 21.7mm) and two X joints
With one additional brace at 90° (T = 31 7mm). In all cases the
f ratio was near f = 0.5 and consequently there was no out-of-
plane overlap cf braces. The additional braces in all tests
remained unioaded throughout the test and so these tests were
mere useful in gauging the stiffening effect of additional
braces upon SCF rather than the effect upon fatigue behaviour of
compiex multiplanar braced tubular joints.

Overall, these data exhibited fatigue Tives in accordance with
the uniplanar date tested by TNO and mean S-N curves based on

uriplanar fest resuits.

10.2.3  Appraisal of test data

Few fatigue tests have been performed on multiplanar tubular
Joints. tarly tests in the ECSC funded programme included out-
of-plane braces but these were incorporated primarily to gauge
the effect upon SCFs of non-planar braces and as such these
braces were not lcaded during the cyclic tests. Data from these
tests 1s in accordance with that from uniplanar tests and is not
-constdered further in this chapter.

In Figuyre 10.2.1 the fatigue N3 results from the TNO girder
tests are reproduced. The 16mm chord failures are emphasised
since these would pass the screening criteria specified for
uniplanar joints, while the remaining data for failures in
members of 8mm or 4mm thickness is included to enhance the
database (nb. no thickness correction is applied to this data).

It can be seen in Figure 10.2.1 that four of the five data from
the lémm chord thickness joints lie below the mean in-air S-N
curve with the average D, = 0.72. However. if the two runners
with T = 16mm were included then the average damage summation
would be B, > 0.90.
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Figure 10.2.1 S-N data for multiplanar tubular joints
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2.4 Recommendations

fhere is a very small database of multipienar tubular joints
where the out-of-plane braces are loaded. This data suggests a
slight reduction in fatigue 1ife compared to equivalent
uniplanar tubular joints. However. given the paucity of data it
is recommended that multiplanar Joints be assessed in an
identical manner to uniplanar tubular Joints.
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1G.3 Internally Ring-Stiffened Tubular Joints

10.3.1  Design codes

Current design codes do not specifically address ring-stiffened
joints, except in specifying classification details.

Current HSE (1992a), Dnv (1984, 1992) and CAN/CSA (1992} codes
specify a Class F curve for the ring web to inner chord wall
Joint. while the ring inner edge would have a classification
depending upon the edge finish.

In the proposed modifications to the HSE Guidance Notes (1993h)
ring-stiTfened Joints are specifically addressed under the
Section 'Stresses to be Considered’ . It 15 stated that For
ring-stiffened joints. the maximum stress may not be at the
saddle or crown locations on the brace-chord intersection. Care
should be taken to identify stress elsewhere in the Jjoint, egq.
at the locations where a brace crosses a ring-stiffener {ie. the
brace/ring intersection (BRI) or the ring inner edge}. The
design S-N curves appropriate to these locations are given [see
betow]. Since cracking of the ring-stiffeners is extremely
difficult to detect in service ring-stiffeners should be
?e?igged wWith minimum Tives of at least ten times the service
ife.

In  the proposed joint classifications., the brace-chord
intersection is classed with the T° curve away from the BRI and
(cf. Class ) curve at the BRI (internal and external).
nternal edge of a flat bar or flanged internal ring-
stiffener is classed as 1.00P (cf. Class D).

10.3.2 Review of published data

The fatigue database for ring-stiffened tubular joints is given
in Appendix F.

This database covers tests in-air, in-seawater with cathodic
protection (CP) and in-seawater under free corrosion (FC). The
main programmes of work and their individual conclusions are
summarised below.

I Ramachandra Murthy

4 T joints, in-air
{1994a, 19945) 3Y
6

joints, in-air
T joints, in-seawater EC
3 Y Joints., in-seawater FC

IT  COSRP (1989, 1991) 8 T joints, in-air
2 T joints, in-seawater CP

ITT UKOSRP II {1989a, 1989b) & 1 joints, in-air
IV Haugland and Thuestad (1990) 1 K Joint, in-seawater CP

V Sawada (1979 3 T joints, in-air
VI TWI (1992) 57 joints, in-air
{confidential) 5 K joints. in-air
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18.3.2.1 Ramachandra Murthy {1994a, 1994b)

There have been a number of papers presented by the Structural
Engineering Centre (SERC) in Madras. with the best summaries of
their work to date contained in Ramachandra Murthy (1994b) for
the in-air tests and Ramachandra Murthy (19%94a) for the
corrosion fatigue fests.

In-air, Ramachandra Murthy (1994b). a total of seven tests have
been reported with chord thickness T = 12mm: four T joints
(axial load) and three ¥ Joints (axial, IPB and OFB loading).
Three plate type stiffeners were employed in the “cptimum
arrangement” of one stiffener beneath the saddie and one
stiffener beneath each of the crown positions. Five joints
failed with cracks forming at the hot-spot location on the
chordside., while two joints failed on the braceside where no
strain gauges were empioyed. Furthermore, no strain gauges were
placed on the ring stiffeners themselves. Overall, 1t was
reported that the results were conservative relative to the
current HSE design S-N curve ( 3).

In-seawater under free corrosion, Ramachandra Murthy (1994a). a
total of nine stiffened joint tests and twoc unstiffened joint
tests were reported with dimensions similar to the in-air test
programme. A1l tesis were performed under axial Toading. One
stiffened ioint failed by brace separation from the chord. while
all other joints failed on the chordside at. or near, the
location of maximum stress concentration, ie. near the saddle.
Again, no strain gauges were placed on either the brace or
stiffeners. OQOverall, it was reported that the results were in-
Tine with the HSE design S-N curve for free corrosion (HSE
1993), ie. below the in-air data but generally in accordance
wit? the results of the two unstiffened joint tests in seawater
with no CP.

10.3.2.2 COSRP (1989, 1991)

The COSRP gave thorough consideration to the effect of ring-
stiffening tubular joints in-air and in-seawater with adequate
CP. The tests themselves were performed at the University of
Waterloo, Ontario {five under axial load and one under combined
axial and IPB loading giving equal stresses at the two saddles
and one crown position) and at the Memorial University,
Newfoundland (four under IPB and two under OPB). In addition
tests were performed on plate to pipe connections.

A total of ten ring-stiffened joint tests and fwo unstiffened
joint tests were reported with dimensions similar to the UKOSRP
IT test series, see 10.3.2.3. One joint failed prematurely due
to accidental overload, while ail others failed on the
chordside. The specimens were comprehensively strain gauged and
it was reported that the maximum stresses were often found on
the stiffeners although no primary cracking occurred at this
location since the stiffeners were machined rather than flame
cut (see UKOSRP IT {1989a)).
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Overall. the stiffensd in-air tests gave reascnable correlation
#1th the unstiffened joints and the current mean HSE (1993) S-N
curve, although the IPB tests often gave shorter fatigue Tives.
In-seawater with CP, the data Tay on the HSE free corrosion line
(ie. a factor of two reduction on 1ife) rather than on the HSE
in-air curve which is also applicable to in-seawater with
adequate CP.

16.3.2.3 UKOSRP II (1989a, 1989b)

The second phase of UKOSRP included six tests on ring-stiffened
tubular T joints in-air. Two configurations were studied, one
with two plate stiffeners and one with two flanged stiffeners.
Although the specimens were thoroughly strain gauged. the
flanged specimens failed at a location around 10° from the
nearest strain gauges, on the chordside over the ring location,
ie. at the BRI. The plate stiffener specimens failed with
cracking occurring on the flame cut ring inner edge and at the
chord saddle.

ate stiffener specimens failed in-Tine with the
current HSE (1993) mean S-N curves for an unstiffened tubular
joint and flam t plate edge. However, the flanged stiffeners
exhibited lower lives, nearer the current HSE S-N design T
curve, particularty at higher stress ranges.

Overall, the p

10.3.2.4 Haugland and Thuestad (1990)

In 1987, a fatigue test was performed on a ring-stiffened K
joint in-seawater at a depth of 20m.

The joint formed a non-symmetric K node with two flanged ring-
stiffeners located beneath each brace footprint. In-plane
bending was applied via a self-reacting hydraulic actuator. The
external weld toes were ground and the node was equipped with
sacrificial anodes giving a CP level of -1030mV. Internally,
the node was dry and the welds unground. This configuration
represented the conditions on the Oseberg B jacket.

A total of thirteen loading periods were reported (o = 15 -
173 N/mm2) each lasting between 3,580 cycles and over one
mitlion cycles.

Cracks initiated on the ring web to inner chord attachment (SCF
= 1.4) but were not considered to be critical with regard to
Jjoint behaviour. No crack depth measurements could be made at
this Tocation due to inaccessibility.

The maximum stress (SCF = 2.3) was measured at the ground weld
toe of the smaller inclined brace member initiating at D, = 5.3
and produced a through thickness crack at D, = 6.0, based on the
DnV (1992) mean S-N T curve corrected for both the member
thickness (T = 25mm) and weld toe grinding - ie. a factor of 2.2
on estimated fatigue 1ife.
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10.3.2.5 Sawada (1979)

Sawada {1579) reported static and fatigue tests on ring-
stiffened joints under axial load. These Joints had a single
plate stiffener (tw = 8mm) beneath the saddie. a chord thickness
of T =9.6mn and a brace thickness of t = 6 9mn.

SNCFs were estimated on the chord and the brace, based on single
strain gauges close to the weld. The maximum SNCF was reported
at the brace saddle, however, in two cases the rings failed
prior to the joint,

Given the method of SNCF derivation. the thickness of the failed

members and the Jlack of strain gauging at the focation of
failure, these data are not considered further.

10.3.2.6 TWL (1992)

A Joint industry funded project was carried out by TWI, NEL and
LR to consider the fatigue behaviour of ring-stiffened joints
in-gir.

fen ring-stiffened joints were tested. five T Joints at NEL
under axial loading and five K Joints at TWI under unbalanced
OPB.

The results of this project are currently confidential to
sponsars, although the specimen geometries were presented in the
SCF Chapter 4.

10.3.3  Appraisal of test data

;) guidance that

It has been recognised in the proposed HSE (: ;
n that can fail

the ring-stiffened joint is a compiex connec
in many ways:

1) On the brace/chord junction well away from the influence of
the internal stiffeners.

i1)  On the brace/chord junction in the vicinity of the internal
stiffeners, the so called brace/ring intersection (BRI)
location.

111) At the ring stiffener inner edge.
iv) At the ring web to inner chord connection.

Since each of these locations may be subject to a different
Joint classification, care is needed in assessing the collective
results from ring-stiffened joints.

In the following sections the measured data is compared to the
mean in-air S-N curve derived from simple tubular Jjoint tests in
section 7.6. Since the chord thicknesses lie in a narrow range
between T = 12mm and T = 19mm no thickness correction is made to
the stress range, and the S-N curve is based on T = 16mm.
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10.2.3.1 In-air

Of the 21 ring-stiffened joint in-air tests reported in the
Ramachandra Murthy (1994b), COSRP (1989, 1991) and UKOSRP 1]
(1989a) studies, a further three have been screened out.
Specimen TB3 in the COSRP due to accidental overload between
crack initiation and through thickness failure, and Specimens
SP5 and SP11 in Ramachandra Murthy which failed in the brace
member .

e remaining eighteen spe”i%mﬂc are illusirated in Figure
3.1, and represent three of the four potential faiiure modes .

se data are also compared Lo the mean 5-N curve proposed in
Section 7.6 for simple tubular joints in-air. ine other mean 5-
N curves specified in the current HSE (1893). OnV (1992) and
Canadian (CAN/CSA 1992) codes (T curve modified to lemm) and the
new gropssed HSE (1895) fatigue guidance (T curve) are too

close to this S-N curve to warrant reproducing on this figure.

t»,)

It can be seen in Figure 10.3.1 that the two specimens failing
from the flame cut ring inner edge (Type 111) Tie above the mean
S-N curve for the unstiffened data, with the through thickness
fatigue 1ife on average 40% larger than this mean S-N curve and
a factor of 2.8 on life above tne mean 1.00P curve recommended
in HSE (399&).

For the specimens with failures on the brace/chord junction well
away from the BRI (Type 1), two data lie abo nd Tie
below the mean S-N curve, i

Fatigue behaviour of ring-stiffened joints in-air

Measured stressos

Stress rangs (MN/mmd)

il \
-
A
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100 P il i 1 3
1E+04 1EW05

TE+QT
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" Figure 10.3.1 Comparison of mean S-N curve with in-air data
based on measured stress range
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It should be noted that the two specimens with the lowest damage
sum ratios are the two specimens that were tested under 153
toading. This trend 1s potentially reinforced by the fact that
two of the three tests screened out were tested under IPR and
also had reported lives less than expected.

For the specimens with failures on the brace/chord junction near
the BRI (Type II1). two data lie above and seven data lie below
the mean S-N curve. For this case, the average Miner’s sum is
less than unity, O, = 0.81, and is therefore around 0% of the
average Type I failure 1ife. In comparison to the ; ? curve
proposed in HSE (2895) most data Tie well in excess of this
curve with an average D, of around five. Two joints (UKOSRP II
1989a) tie below this mean curve. although for the three UKGSRP
[T joints it should be remembered that stresses were measured

around 10° from the hot-spot Tocations.

The crack growth mechanisms for all modes of loading are
discussed in the COSRP final report (COSRP 1989). It was noted
that the ring-stiffeners tend to act as crack length stops, with
the stiffeners causing the cracks to turn when the crack depth
exceeds 80% of through thickness. The authors report that the
crack growth rate in stiffened joints under axial load and OPB
appears to slow by an order of magnitude as the crack depth
approaches through thickness. Under IPB, the crack aspect ratio
(crack depth/crack length) appears smaller than under axial Joad
and OPB. This 1is perhaps due to the very even stress
distribution around the brace/chord junction and the longer
distance from the hot-spot location to the stiffeners. In a
fracture mechanics assessment of a ring-stiffened joint under
axial load or OPB, COSRP recommends that the crack shape should
be taken as crack depth/stiffener spacing when the crack is a
few millimetres deep (eg. 4mm or less), thus yielding a lower
bound solution if the crack turning is not included in the
model, see Chapter 6.

18.3.3.2 In-seawater

Of the ten ring-stiffened joint in-seawater tests reported in
the Ramachandra Murthy (1994b), COSRP (1989, 1991) and UKOSRP 11
(1989a) studies, only two had adequate CP while eight were
unprotected. The CP was applied at -850mV in-seawater of around
5°C. In the unprotected cases the seawater was representative
of the Indian Ocean with a temperature of 25°C. These specimens
are illustrated in Figure 10.3.2. These date are also compared
to the mean S-N cur d f i ff j01
i awat

It can be seen in Figure 10.3.2 that the two specimens failing
in-seawater with CP exhibited fatigue cracking on the brace/
chord junction well away from the BRI (Type I). These joints.
fall below the mean in-seawater with CP = -850mV S-N curve. The
average Miner’'s sum for these two specimens is D, = 0.50. This
represents a life 20% of the average in-air tests. although
perhaps more representatively represents 40% of the average 1ife
of the in-air axial Toad tests within the same test programme.
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inhe single Haugiand and Thuestad (1990) specimen with CF applied
at -1020m¥ was tested in-seawater under V Toading. Appraising
this data indicates that the crack initiation on

chord weld (Type IV} occurred bﬂtwee‘ NI =.4.4 x 10° and N1 =
7.5 % 10 cycies of constant ampiitude loading againbt the mear
in-air curve (1.34P) estimate of N 3=5.6x10° (SCF =1.4), i
N1/N3 = 78% which appears high. However. while crack depth
measurements were not made at this location, crack length and
through thickness stress distributions suggest that this crack
did not grow through thickness until well in sxcess of the
estimated Tatigue iife N'3.

Fﬁ

the rﬁng web To

><

Fatigue behaviour of ring-stiffened joints in-seawater

Measured slresses
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o Figure 10.3.2 Comparison of mean S-N curve with in-seawater
. data based on measured stress range

At the external Tlocation on the chord (Type 1) cracking
initiated after N1 = 2.8 x 107 cycles and became a through
thickness crack N3 after 3.3 x 107 cycles of varying amplitude
loading. Compared to the mean in-seawater S-N curve (0.5 in-
air), with no allowance for grinding, these lives represent
damage sums of D(N1) = 29 and D,(N3) = 32. (nb. T = 25mm, SCF
= 2.3, no change of slope at low stress ranges). Therefore, for
this configuration and lcading & very long life has been
obtained for this joint, if the Type IV cracking is considered
to have insignificant effect on joint behaviour.

For the eight specimens failing in seawater without CP. cracking
occurs on the brace/chord junction near the BRI (Type II). In
this case the data lie near but below the mean in-seawater FC
curve for warm water and generally below the data from the two
spec&meﬂs that have CP. For this case, the average Miner’s sum
is D, = 0.80. and is around 20% of the average Type II failure
life in-air, in accordance with the FC findings in Section
8.3.2.
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Recommendations

Tne proposed HSE (1995 guidance notes require thal the various
components within a ring-stiffened Jjoint be classified in
different ways. The database of ring-stiffened joints collated
in  this study support the need for several Joint
classifications.

ction weil away
s suggest that

be anticipated.
it should be rememhered that the SCFs will generail;
significantly less in a stiffened joint so that the joint life
will be substantially improved if this region is the location of
initial cracking.

On the brace/chord junction at the BRI location a Tower bound S-
N curve appears to be required. with around 60%-80% the simple
joint fatigue life in-air and in-seawater. In the proposed
HSE (£935) notes a curve is specified which appears to be
too conservative for jdints with cracking above & stiffener at
the crown location, in particular. ‘

The twoe failures at the ring stiffener inner edge were
associated with an edge that had been flame-cut., for which a
1.0P curve is specified in the proposed HSE { guidance. It
was found that this curve was very conservative for these two
specimens. In the COSRP it was noted that once the ring edge
was machined no significant cracking occurred on the rings even
though this was the location of maximum stress.

There was insufficient stress or fatigue data on the ring web to
inner chord wall Jocation to comment on a suifable fatigue

classification.

In-seawater with cathodic protection and under free corrosion
the reduction factors on in-air life appear suitable for these
joints when applied to the simple joint curve. However, when
applied to the BRI curve {4 very conservative values are
obtained for the joints wit cking beneath the crown.

The one complex ring-stiffened joint in-seawater with ground
welds under variable amplitude loading gave reasonable lives in
relation to the ring web crack initiation but a damage sum in
excess of 30 for the ground welds cn the exterior of the joint.

Overall, without more data, it is recommended that the proposed
HSE (1998) guidance on ring-stiffened joints be applied where
the following classifications are specified:

1.007 on the brace/chord junction well away from the
influence of the internal stiffeners.

on the brace/chord junction at the BRI location.

at the ring stiffener inner edge.

at the ring web to inner chord connection.
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ppear high, particularly for joints
ectly bwrﬂdfﬂ the crown.

It Shouid also be remembered that factors for non-inspectable
connections are reguired for the ring inner edge and ring to
chord weld. These vary from reduction factors of three in the
OnV (1992) cede to ten in the proposed HSE (1895) code.
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0.4 internally Grouted Tubular Joints

.41 Desian codes

Only the proposed HSE (1995) Guidance Notes specifically address
compesite Joints within the section "Stresses to be considered”
Tnis Section states that 'The introduction of grout into simple
tubular joints results in & reduction of the hot-spot stress at
the brace/chord intersection. However, for some  joint
configurations and loading modes this reduction in stress is
insignificant. A conservative approach should therefors b
taken by considering the joint as being ungrouted and treating
it as @ simgle nodal joint .’

10.4.2  Review of published data

Little work has been published covering the fatigue behaviour of
grouted tubular joints, although there is a substantial database
of both fully grouted chord members and double-skinned chord
members outside the public domain. The main programmes of work
and their individual conclusions are summarised below:

I Te Meur (1994) 4 X joints, in-air

57T Joints, in-air

IT  Veritec (1984) 3 X joints. in-air

I K joint, in-air

1T Brown (1988) 2 T joints, in-air
IV Tebbettf (1979, 1982) 11 T/Y joints. in-air

(confidential) 3 X joints. in-air

10.4.2.1 le Meur (1994)

In 1994, the initial results of a joint industry funded and
managed project concerned with the static and fatigue behaviour
of grouted tubular joinfs (SMAB) were published.” Four shear
tests, five static strength tubular joint tests and nine fatigue
toaded tubular joint tests were examined. Four X joints (three
under tensile and one under compressive axial loading) and five
T joints (two under IPB and three under OPB) were tested under
cyclic Joading, R > 0. The results from one IPR and one OPB
specimen have yet to be reported.

The difficulty in determining through thickness cracking was
noted by the authors and consequently both strain measurements
and deflection measurements were monitored to identify when
through thickness cracking was most Tikely to have occurred. In
these papers no details of the load range or fatigue lives are
reported. However, it can be seen from a summary S-N curve that
the tensile axial load data and results from the fensile hot-
spot location in the bending tests are in-line with estimated
Tives for ungrouted joints. The compressive axial load test and
the lack of crack initiation on the compression side of the
specimens in bending imply that the fatigue Tife of grouted
Jaoints 1s significantly enhanced under compression loading.
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10.4.2.2 Veritec (1984)

veritec fatigue tested four double-skin grouted tubular joints
in 1984, The method of strain gauging these specimens differed
from the approach recommended in this Guide and consequently two
of the specimens were screened out of the SCF review in Chapter
4. Furtnermore, these specimens were subjected to both tensile
and compressive preloads prior to the reversing cyclic load (R
= -1).  In all cases fatigue lives were we ] in excess of
expectation and compressive residual stresses ware considered to
2 affecting the fatigue performance of these Joints.

TwWo X specimens did not fail while the third X joint. which
railed after 10.5 million cycles at +4 tonnes, was subjected to
500,000 cycles of load at a lower stress range of + 2 tonnes and
an_alternating load sequence reducing from +40T, -40T. +35T. -
35T, ..., +5T. -5T, OT. The fourth specimen. g X Joint, was
tested in a more consistent manner and at a higher Toad range to
encourage failure pricr to the cyclic limit. Overall, all four
resuits gave fatigue Tives in excess of those from a database of
ungrouted tubular joints.

10.4.2.3 Brown (1988)

Two specimens, originally fatigue tested in the UKOSRP II
project (1989a), were repaired by gouging out fatigue damaged
areas, filling with weld material to the original plate
thickness (T = 32mm) and finally re-welding to API (1993) RP2A
specifications. The specimens were then reinforced by injecting
cement into two spherical bags through 50mm holes in the chord
wail. This operation was carried out in 1.5m of water and the
s specimen was ieft in this condition for twelve days to allow the
ik cement to cure. Thus the chord was fully grouted either side of
the brace member while a void existed beneath the hot-spot
stress location.

The two tests at R = -1 yielded fatigue lives Tess than the mean
ungrouted joint S-N curve (irrespective of thickness correction
factor chosen). The authors report that the large extent of
repair welding and the fact that balanced welding could not be
achieved may not have restored the Joint to its virgin
condition.  Furthermore, the extent of the welding may have
induced high residual stresses in the Jjoints.

10.4.2.4 Tebbett (1979, 1982)

The results of this project, with the exception of the ungrouted
SCF value. remain confidential to the new owners of the data SLP
Engineering. However, some trends in the SCFs measured were
reported in Chapter 4.
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Fatigue tests Joint type Singie skin DoubTe skin

The fatigue test programme comprised:

Axial loading 7 T/Y 3 4
{10 tests)

3 X 1 Z

OPB 37 0 3

{3 tests)

—
]
<
ford

IPB
{1 test)

In addition 71 joints were tested to determine the static
strength of single and double skinned tubular Joints.

10.4.3  Appraisal of test data

the thirteen grouted Joints from the Te Meur (1994). Veritec
(1984) and Brown (1988) studies are tliustrated in Figure
10.4.1. None of these data were sufficiently well reported and
tested in the manner recommended in this Guide to pass the
screening criteria normally applied. Consequently, the results
of these tests can only be considered to identify trends in
grouted joint behaviour. The measured data is also compared to
the mean S-N curve recommended for ungrouted tubular joints in-
air.

It can be seen that the recent le Meur data gives very good
agreement with the ungrouted mean S-N curve for crack jocations
in tension. 1In compression, the fatigue life is significantly
enhanced. The results from the two test series under R = -1
2 axial load are significantly different with the Veritec data
L showing substantially enhanced fatigue 1ife, probably due to the
' high preload on these joints. while the Brown data shows a
reduced fatigue 1life, probably due to the repair welding and
incomplete grouting of the chord member.

10.4.4  Recommendations

At present, chord members that are either fully grouted or which
have a double-skin section with a grout sandwich are treated in
a similar manner to simple ungrouted tubular Joints.

there is a very small S-N database of grout filled tubular
Joints in the public domain. However, the available date does
show that a significant improvement in fatigue life can be
achieved by the introduction of grout into the chord member.
This benefit is primariiy obtained by reducing the level of hot-
spol stress. particularly in compression. From a fatique S-N
point of view, the joint 1ife appears to be in-accordance with
the in-air S-N curve for tubular Joints, where the thickness
correction s based on the outer chord member thickness.
Although. again under compressive axial load there appears 1o be
a significant enhancement in joint 1ife.
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Figure 10.4.1 Comparison of mean S-N curve with in-air grouted
joint data based on measured stress range
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10.5 Cast _and Forged Steel Joints

With the advent of modern foundry techniques steel manufacturers
have been able to produce sound castings of suitable guaiity and
compasition for use in offshore environments. The use of
castings for tubular joints offers obvious advantages. They
offer a homogeneous integral component, with significantly lower
residual stresses and free from the stress raisers associated
with weided joints. In addition, the thickness of the casting
can be varied to accommodate any areas of high stress. Castings
also offer the opportunity to place padears or launch rails as
an integral part of the joint,

.51 Design codes

Until recently, the design codes have given scant reference to
tl atigue design of cast or forged nodes. In the HSE
1993) Guidance Notes a qualitative statement 1 in
Section 21.2.15:

The need for more comprehensive guida has been recognised in
the proposed modifications to HSE (199%) Guidance Notes where
Section 21.2.15 has been substantially altered for cast steel
components.

ast steel components states that °

S-N curves are proposed in-air under the classification code CS:
mean: Tog(N) = 16.121 - 4.10g (Sy) (Se = 0.238)
design: tog(N) = 15.169 - 4.%0g (Sy)

acture mechanics
ap?roach recommended. The mean and design S-N curve in-air is
i1lustrated in Figure 10.5.1.

The HSE state that

- It should be noted that the design curve in this case is based
on the mean S-N curve minus four standard deviations. This more
severe criteria is based on the possibility of small defects
being present that would be missed during the normal inspection
of the joint (MaTSU 1992).
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effect factor proposed differs from that for as-welded
Joints:

although the corrections to this curve accounting for the effect
of seawater are identical to those previously reported for as-
welded tubular joints.

Alternatively. cast steel Joints may be designed usin:
theoretical S-N curves derived from fracture mechanics analys
metnods, It s important that the following should be includ
in the assessment procedure:

I T

I
1

&
o

i

i

- Crack growth data pertinent to the environment in which the
particular grade of cast steel is to be used.

- Defect quality Tevel consistent with the standard of
inspection which will be applied to the casting, eg. the
defect acceptance criteria given in BS6208.

o - Validation of the fracture mechanics fatigue 1life
; caiculations.

For the particular case of cast tubular nodal connections it is
important to note that the brace to casting circumferential butt
weld may become the most critical location for potential fatigue
cracking. To verify the position of the maximum stress range in
the casting it is therefore recommended that a finite element
analysis should be undertaken for fatigue sensitive joints.

For forged components, the Guidance Notes remain unaltered from
the earlier statement requiring full details of the component ‘s
behaviour to be submitted to the Certification Authcrity for
approval.

In UEG (1985) reference was made to a design approach developed
by Hoesch for optimised cast joints, which introduced variable
thicknesses and diameters throughout the node.

The design criteria proposed by Hoesch have been established by
the testing of small-scale specimens and large cast joints. The
methods of manufacture have also been examined to determine what
effect the manufacturing process has on the design philosophy
for cast joints.

In the fatigue design process, the cast joint 1is initially
subject to non-destructive testing. Defects are then classified
according to ASTM (1993) E446. Test results, fracture mechanics
techniques and ASTM defect groups (according to wall thickness)
provide factors by which a basic S-N curve can be shifted to a
nigher or Tower order to take account of defects. Thus the non-
destructive testing of a cast joint becomes an integral part of
the fatigue analysis. Where casting defects are of a sufficient
size, such that a fatigue 1ife cannot be accurately estimated,
Hoesch recommend that these defects are removed. This can be
done by gouging and repair welding techniques, see Chapter 7.

C6060R09.07 Rev B September 1995 Page 10.21 of 10.34



BOMEL 3005209 C‘i

The basic S-N curve developed for Hoesch GS-ARK 10

: i ' material has
been derived from Lesis on 32 specimens approximately 25mm thick
taken from cast K joints. within which natural casting defects

oce

were alliowad to

Fatigue tests were carried out at stress ratios of R = -1 and
R=10, followed by radiographic examination to classify any
defects. Figure 10.5.1 shows the proposed basic S-N curve for
GS-ARK 10, with a stress ratio R = 0 and a probability of
survival of 98%. This S-N curve can be described mathematically
as:

~ -

" R ~ B . 8,
L0y ol = 16.30 - 5.700,4(S (N = 2x10%)

nom )
[t must be noted that this S-N curve is recommended only for
(a) Stress ratio R = 0.

(b) Probability of survival of 98%.

(c) Wall thickness. t = 25mm.

(d) Defect Group 4 according to ASTM (1993) F446 with defect
types A4, B4, Cad, Cb4 and Cc4.
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Figure 10.5.1 Proposed HSE (1993b) mean and design S-N curves
for cast steel nodes and from Hoesch (UEG 1985)
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Uther stress ratios, wall thicknesses. defect groups efc. are
accounted for by the use of influence factors which effectively
displace the basic S-N curve towards a higher or lower number of
cycles or stress range. The stress factors S and load cycle
factors n are defired as

S = f/f n = N/N

where f and N are the stresses j
respectively for the basic S-N curve. 2

d _numbers of cycles
d T and N are those of
2 stress range for

iy

T

the displaced curve with ¥, defined as t
No=2x10° cycles.

Derivation of influence factors

The following define the various influence factors proposed:

Ne:influence of mean stress (of the stress ratioc R compared
with R = ()

Hq:  inTluence of defect size
7. influence of wall thickness

1: accessibility for inspection and repair.

The interaction of these effects is given by n = ngnann
Influence of mean stress

In as-welded components the effect of mean stresses or stress
ratic R is usually not taken into account. Cast steel joints
are not influenced by residual stresses because of their sfress.
relieving heat treatment. Tests have been carried out on cast
material, showing that the endurable stress ranges depend both
on mean stress and on the stress ratio, R. From this and other
results a Tower Timit of 85% of the stress value when R = 0 is

assumed. The influence factors for mean stress can be
summarised as:

Ny = 0.444 R>0

g = 1.000 R<{

For each case with R = 0, it must be shown that stresses with R
< 0 will occur,

Infiuence of defect size
The influence of defect size is based on the ASTM catalogues for
the characterisation and classification of defects. From a
fracture mechanics investigation it can be shown that the
influence coefficients for defect size can be expressed by

r{ld = 0-855&4) -

where j denotes the defect group according to the ASTM defect
catalogues.

C6060R09.07 Rev B September 1995 Page 10.23 of 10.34



BOMEL i (o

A summary of these coefficients is given below.

L,

1 2 3 4 5
g 11.45 5.08 2.25 1.00 0.44

Influence of wall thickness

According to the ASTM catalogues the defect sizes in the same
defect group will increase with increasing wall thickness. Here
again a fracture mechanics approach has been used to determine
the influence of wall thickness. These influence ceefficients
have been determined as:

S, = (£/25)°®

i

(t/25)07°

il

e, n
where t 1s in millimetres.
Accessibility for inspection and repair

The following influence coefficients relate to the accessibility
of a cast joint for inspection and repair:

= }_0-(}3.’2

where Q, = 2. no accessibility
Q, = 1. splash zone and below
Q = 0, above splash zone

These factors are similar to those recommended by DnV (1992) for
welded offshore structures, although the safety factor for
stresses is Tower than that specified by DnV (for welded
offshore structures). This is due to the shallower slope of the
basic S-N curve for GS-ARK 10 steei.

i

10.5.2 Review of published data

A number of investigations into the S-N relationships for
offshore steel castings have been reported during the past
fifteen years. Due to cost restraints most of the test data
were obtained from tests on small scale models. including cast
pieces, V-shaped specimens and cruciforms. Those data relating
to tubular joints are as follows:

I Hoesch (Veritas 1982) 4 K joints, in-air
[T Webster and Walker (1985) 3 T joints, ip-air
ITI  Nakamura (1986) 3 K joints, in-air
[V Hurden (1986) 2 X joints. in-air
Vv Wimpey (1990) 3 X joints, in-air
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Y 44

LP Engineering have reviewed data from all types of cast
omponents and generated a database of 234 tests (SLP 1995)-

1} CA lcading in-air:

92 cast pieces under axial or bending loads

61 cruciforms under 3 point or 4 point loading

16 large scale nodes under axial brace loads or in-plane
bending loads

2} LA Toading in-seawater without CP yniess otherwisse stated-

cast pieces under axial or bending Joads

V-shaped specimens under bending Joads

cruciforms under 4 point bending with and without
corrosion protection

[~
[N e ¢ I

(3) VA Toading in-seawater without CP:

19 V-shaped specimens under bending loads

10.5.2.1 Hoesch (Veritas 1982)

Four fatigue tests were compieted on cast K nodes with chord
diameters of 600mm and a general wall thickness of 18mm.
However, at the location of the through wall thickness cracking
the Tocal thickness was 35mn. The specimens were heavily strain
Gauged and the Tocation of the maximum stresses determined as
well as the value of the SCF. Five different crack patterns
were observed of which two were dominant. These were:

(&) The crack initiated at the interior surface on the reaction side
in the transition zone between chord and brace.

(b) This crack was Jocated at the position of maximum stress range
on the exterior surface in the transition zone between chord and
reaction brace. In general this crack initiated earlier than
the one in location (a).

10.5.2.2 Webster and Walker (1985)

Three cast T nodes were tested. but only one of these failed in
the casting. This specimen (CTI) had a chord diameter of 914mm
and a nominal wall thickness of 32mm. This node was subject to
extensive weld repair in the fillet region. The node failed
from a slightly sub-surface defect which was located close to an
extensive weld repair, some 65° around the brace from the crown
position. It is not clear from the report whether this location
was the regicn of maximum stress range.

10.5.2.3 Nakamura (1986)
Three tests were undertaken on cast € nodes. One of these
failed in the cast material. the other two tesis were runners.

Few details appear to be available on the location of the major
cracks and the maximum stress range.
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10574 Hurden (1986)

These two nodes had chord diameters of 600mm and a wall
thickness of 40mm. In both cases failure occurred by a fatigue
Crack growing from the inside of the specimen along the chord
centreline offset from the brace centre. This was found to be
the maximum stress focation, with an estimated SCF of 6 on the
first specimen and 4.3 on the second.

It should be noted that the nominal thickness rangs for these
large scale nodes is smaller (20-40mm) than for cast crucs forms
and hence 1T was not possible to establish any thickness effects
for these nodes.

10.5.2.5 Wimpey (1990)

Wimpey reported three X joint tests under axial load with T =
34mm.  In all three tests the brace and chord diameters were
equat thus giving a smooth lcadpath across the X braces. The
maximum SCF on all three of these specimens was measured on the
inside of the chord member.

10.5.2.6 Summary of all test data

Examination of the database reveals the following:

. The database consists of results from tests on 16 real
sized cast nodal joints of either T, X or K configuration.
AT specimens were subjected to axial brace load except for
two T Joints which were tested under in-plane moment loads.
ATT tests on large scale steel models were conducted in air
under constant ampiitude Toading.

. A number of data points were obtained from retest of
specimens which were unbroken at the end of the first tests
at a lower stress level. Due to the difficulty in
assessing the level of damage in the first tests, these
data points were excluded from further analysis.

. A number of test resuits gave the 1ife to initiation and
end of test. In line with the practice for welded joints.,
this analysis has been based on life to through-thickness
cracking.

. In many cases, SCFs for individual specimens were not
measured. Instead, the SCFs for each group of nominally
identical specimens were determined by tests on a small
sample of specimens using either strain gauge measurement
or finite element analysis.

. The majority of the tests were carried out on specimens in
air under constant amplitude loading.

. Parameters which can be extracted from this database

include section thickness, environment, variable amplitude
Toading and weld repairs.
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1 Test data in air under constant amplitude loading

Results of tests on large scale cast nodes tested under constant
ampiitude loading in-air are presented in Figure 10.5.2. The
Joint type, Toading mode and Jjoint dimensions for each data
point are specified in the figure. In studying the figure, the
Tollowing points should be noted:

. Aurden (1986) reported that the magnitude of residual
stresses which exist within a cast node are of the order of
505 of the applied compressive stress. Nakamura (1986)
Indicate that maximum residual stresses of 20% of yieid
stress existed in their cast nodes. The total stress
ranges for these specimens have then been reduced by the
reported level of residual stresses accordingly.

. For the stress cases where premature failure at the welded
end comnections attaching the specimen and the rig
occurred. the results have been omitted in the subseguent
analysis.

L For the specimens with ‘optimised’ joint shape. the
gominant fatigue crack for each of the specimens was
initiated at the central point of the chord member.
Accordingly, the thickness values of the specimens guoted
in Figure 10.5.2 were measured from the central point of
the chord members.

A mean Tit to the nodal joint data alone. ignoring runners,
gives:
Tog{N) = 15.523 - 3.74710g(S)

By normalising the data in terms of a scale effect parameter an
5-N curve in-line with those for as-welded joints can be
derived. It was found (SLP 1995) that a scale exponent of 0.15
was more typical of these joints in accordance with the findings
of Section 5.1.5. Adjusting the data to a basecase member
thickness of 16mm gave a shallower slope than found for as-
weided joints, with m =~ 4.

Overall the mean fit S-N curve with m = 4 is:
tog(N) = 16.121 - 4.709 (Sp) (Sg = 0.238)

which is the new Class CS curve specified by the HSE (1993b).
In accordance with the reported design curve. four standard
deviations are taken to account for additional uncertainty in
finding small initial defects. ie. the design S-N curve is:

Tog(N) = 15.169 - 4.70g (S,)

SLP (1995) reported fatigue results from tests on cast pieces
that were carried out by Kobe. ARSEM and Lokomo. The tests with
a stress ratio R = -1 resulted in a substantially greater
fatigue Tife compared to R = 0 tests when the full stress range
was used. This is primarily because of the almost negligible
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residugl stresses in these small scate cast pieces. The fatigue
lives of ARSEM data were substantially higher than those of the
Kobe and Lokomo data. SLP report that this was because of the

compressive residual stress of up to 350 N/mn? which was
introduced into the ARSEM specimens by shot blasting operations .
see Section 9.2.4.

Results on tests on cruciforms were carried out by Hoesch. BSC
and Kobe.  The shape of fillet in these cruciforms has little
effect on fati

u2 endurance once the appropriate SCF hae been
caloulated.  This dmplies that & specimen under a particular

U

+

:]

ioad ¢ 5€ can be characterised by a maximum stresc Wich can be
used with a relevant S-N curve and confirms the maximum stress
renge design concept
Figure 10.5.2 shows that the large scale test data generaily
foitow the trend of the small scale specimens .
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Figure 10.5.2 Cast joint tests in-air
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2.2 Test data in-seawater
NG Test data exist for nodes in-seawater. However. SLP (1995)
report test data in-seawater from castings by BSC (cruciforms
tested under free corrosion conditions) and Glasgow University
{cruciforms tested with and without CP).

[T was reported by SLP (1995) that the seawater data points
cover restrictive ranges (from 1.8 » 10° to 2 x 10° in terms of
number of cycles and from 250 N/mm’ to 320 N/mm? in terms of
stress range). The fatigue lives of unprotected specimens in a
seawater environment are lower then in air by a factor of 1.9

Based on two data points at a stress range of 475 N/ma?, the
benefits of cathodic protection with potential at -850mV are not
being realised. The effect of CP for cast joints and the effect
of cathodic over-protection cannot currently be quantified
empirically without making conservative assumptions due to lack
of adegquate data.

.5.3.3 Test data under VA Toading

o
o}
&)

No test data exist for VA Toad tests on large scale joints.

Only one set of data obtained from tests on V-shaped specimens
are avaiiable (SLP 1995). SLP report that the effects of
variable loading on cast specimens are the same as that on as-
welded specimens. Analysis of data by SLP indicates that the
use of the linear damage accumulation law of Paimgren-Miner with
the damage sum of 1.0 gives a safe estimate of fatigue life.
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Figure 10.5.3 Cast joint data under VA Toading
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16.5.4  Recommendations

Most data on castings comes from cast pieces and cruciforms
rather than nodal joints. However, it has been shown that in-
air there is little difference. on average, between the dats
from the nodal joints and the remainder of the database.

In-air the S-N curve derived was based on the data used by the
HSE to develop 2 rnew S-N curve for castings (HSE 1995
‘herefore. the mean S-N curve is identical to that S
and the design curve has been taken as the moan tess four
standard deviations in-Tine with the HSE's approach.

[n-seawater most cast piece data is under free corrosicn
conditions and give a life, on average. a factor of 1.9 less
than in-air, which 1is less than recommended for as-welded
specimens. However, it is recommended that the seawater factors
derived for as-welded joints be applied to castings.
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10.6 Tubular Girth Welds
10.6.1  Design codes

The current HSE (1993 DnY (1992} and CAN/CSA (1992) codes
classify girth welds as:

Class C 1T the weld is made from both sides with the weld
d?8838d Tlush with the surface ancd free  from
significant defects by NDE

Class £ 1T the weld 1s made from both sides

Class F 1T the weld is made from one side with a permanent

backing strip

Class F2  if the weld is made from ona side without a backing
strip provided that full penetration is achieved.

5) guidance with

These are replicated in the proposed HSE ( 5
.34P and 1.52P.

the new classification factors 0.76P, 1.14p

10.6.2  Single sided closure welds

In 1990, TWI prepared a report for the UK Department of Energy
on ‘single sided welding of closure Joints in large tubular
fabrications’. TWI (1991). In the introduction to this report
1t was noted that 'In the fabrication of tubular steel offshore
structures using the ‘node” principle, it is often necessary to
make a large number of closure butt welds. Typical locations
are, for example, brace to node stub conmections. These weids
must be made from the outside and normaily without the
assistance of any form of backing. Alternatively, provision can
ve made for access to the inside by means of a ‘window’, but in
this case fitting of the plate which closes the window again
calls for a butt weld to be made from the outside only. Both
weld types may be subject to fatigue loading which is further
exacerbated by the effect of the poor fit-up conditions often
present 1in closure joints. The normal fabrication tolerances
due for example, to out-of-roundness . tegether with misalignment
of the tubulars gives rise to variable root preparations.”’

The fatigue performance of the closure welds will become
increasingly important as the fatigue strength of the node
itself 1s dmproved by, for example, the use of castings,
forgings, or thickened tubulars for the chords

"The recent survey of offshore fabrication practice showed that
root gaps of up to 20mm and joint misalignment of up to 6mm
could be encountered in making single-sided closure welds
(SSCW), although in the majority of cases the standard of fit-up
was better. Under these conditions it is difficult to ensure
that closure joints are free of root defects, such as incomplete
penetration and lack of rcot fusion., which may impair the
fatigue performance of the joint. Added to this js the effect
of a thickness fransition which is very often located on the
inside edge of circumferential welds thus coinciding with the
rogt .’
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The difficulties of making sound olosure welds are compounded by
the fact that the potential root defects are hard to detect.
characterise and size by conventional non-destructive testing
(NDT) methods. For these reasons the fatigue performance of
S5CW may be variable. Because of this uncertainty, they are not
classified as a detail for fatigue design to 855400 and thay
have been assigned a low class (F2) in the current UK Department
of Energy Guidance Notes (1993). In addition. a number of
recent Tfatigue failures in HNorth Sea structures which have
initiated either at circumferential closure welds or at window
welds serve to highlight the critical nature of thess problems.
TWl investigated the stress-fatigue behaviour of single sided
closure welds via 44 small scale and one large scale joint test.
The 44 small scale test pieces were cut from three complete
closure weids in 25mm : 38mm tubular connections (D = 1000mm).
Each test piece was nominally 125mm wide and welded using either
the manual metal arc (MMA) or self-shielded flux-cored arc
welding process. The connections also represented a range of
axial and angular misalignment, each tested at R = 0 tensile
axial loading. The one full scale test consisted of a complete
closure joint (D = 1800mm) under four-point bending.

The mean S-N Tines resulting from this analysis are shown in
Figure 10.6.1. The mean of the present data is above the HSE
Class F mean Tine, whilst the mean-2SD of the present data
crosses the Class F design line at about 400,000 cycles. The
present data has a slightly steeper slope (m = 2.83 compared
with m = 3.0) than the standard fatigue classes. However,
similar slopes ranging fromm = 2.74 tom = 2.97, were obtained
é tb%jorigénaé anatysis from which the design classes were
erived.

‘Current HSE (1993) design guidance for offshore structures
recommends g fatigue Class of F2 for a single-sided girth weld
made from one side without a backing strip. It is also stated
that "the stress should include the stress concentration factor
to allow for any thickness change and for fabrication
tolerances’ .

Examination of this data suggests that the current test results
would be compatible with a design classification of F provided
the stress concentrating effects of misalignment are taken fully
intoc account. If specimens showing defects on the fracture face
are disregarded, the results come close to a classification of
E. However, it must be noted that some of these defects were
not rejected to ASME VIII by the fabricator's inspection. Thus
it s possible that similar defects would exist in production
welds. It should aiso be noted that the stresses acting at the
weld root were accurately defined by strain gauge measurements.
In practice the stress acting would be estimated and the
misalignment would not be accurately known. Also, the mean-2
standard deviations fit fo the data falls slightly helow the
Class F design line at Tow stresses. To allow for these
uncertainties, it was recommended by TWI {1990} that the current
recommendation in the Guidance Notes of Class F2 be maintained.

C6060R09.07 Rev B September 1995 Page 10.32 of 10.34



BOMEL :isuiiins

o m

(¢

%]

W2
Wi o
Ws

WS
W

W7o
W

Wi

12 M d
[ T i+ S R S

g
»

i
o

g

Hol spot strass range ot Foiure pou
-]
=]

¥ 3

@
[~

ek z i VPR ST T VA T WU FORT S W |
105 wh
Number of cycles to failure

58
A

Figure 10.6.1 Girth weld tests against the mean and design weld
classes and the mean fit regression line (TWI 1991)

10.6.3  Backing strips

The use of thin plate backing sirips in girth welding is
becoming increasingly accepted as a method for improving weld
consistency and economy.

Marshail{1992) summarised a series of tests on transition pieces
with a backing plate held in position during welding by a
boiting arrangement. The backing strips were 4mm thick, 50mm
wide and made from Grade 43C steel to BS4360.

Figure 10.6.2 illustrates the test results from thin specimens
in Z2mm, 30mm and 5lmm plate. The test results were not
pubiished and therefore this figure is only a reproduction of
the results published. In Figure 10.6.2, the data has been
corrected to 2Z2mm S-N curves. It can be seen that this approach
gives fatigue Tives that are at least as good as those from
single sided closure welds, while giving a more consistent
guality weld that can be made in a connection with Tless
controlled Tit-up and potentially would need less inspection and
repair. However. as the author states. it is important for
welding standards and limits to be developed and adhered to if
reductions in weld defects are to be reduced.
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Figure 10.6.2 Fatigue test data of connections made using
backing strips, by Marshall (1993)

C6060R09.07 Rev B September 1995 Page 10.34 of 10.34



BOMEL 552015000 @
11. SUMMARY OF MEAN AND DESIGN S-N CURVES FOR TUBULAR JOINTS

13.1 Mean Fit S-N Curves

For Joints tested in-air the following S-N curves have been
fgund@io best represent the fest data collated and screened in
this Guide.

11,11 Tubular Joints
The mean S-N curve for tubular joints in-air with no chord end
foading is given byv:
Basic curve {10* = N = 107) Tog(N) = 12.900 - 3.709(Sy)
High endurance (N > 107) Tog(N) = 14.867 - 4.103(S,)

Low endurance (N < 10%):
Linear extrapolation between Tog(Sg{N=0}) and
Tog(Sg{N=10%}). as specified in Section 7.4.

11.1.72 Cast Jjoints
Tog(N) = 16.121 - 4.T0g(S;)

11.2 Design S-N Curves

11.2.1  Tubular Joints

The mean S-N curve for tubular joints in-air with no chord end
loading is given by:

Basic curve (10* = N = 107) Tog(N) = 12.500 - 3.709(Sg)

il

14.333 - 4.70g(S,)

it

High endurance (N > 107) Tag(\)

Low endurance (N < 10%):
Linear extrapolation between 10G(Sg{N=0}) and
109(S{N=10*}), as specified in Section 7.4.

ie. The design fatigue 1ife of the S-N curve is 0.4 times the
mean life.

11.2.2  (Cast joints
log(N) = 15,169 - 4 10g(Sg)
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11.3 Factors on Fatique Life

Tubular joints with satisfactory weld profile:

Sg = S.(77/16)%% where T is the thickness of the member
under consideration (T = 16mm).

Tubular joints with unsatisfactory wald profile:

Se = S.{T7/16%°° where T° is the iﬁiskﬁesg of the member
uncder consideration (T = 16mm).

Cast Jdoints:

Sg = S.{T7/38)%15 where T™ is the thickness of the member
under consideration (T = 38mm).

11.3.2  Other factors

Reason for factor Factor on Jife

Seawater with CP 0.50

(or HSE recommendations of 0.5 of high stressed joints only)

Epoxy coated in splash zone 0.50

Seawater under free corrosion

Cool waters (roughly = 10°C) 0.33

Warm waters {roughly > 10°C) 3.25

Post-weld heat treatment see proposed HSE

Inspectability:

Account should be taken for accessibility and redundancy

Overlapped joints 1.00

Multiplanar joints 1.00

Ring-stiffened joints

at the brace/chord junction (not BRI) 1.00

at the brace/chord junction (near BRI) 1.34P

at the ring web to inner chord connection 1.34P

at the ring stiffener inner edge 1.00P

Grouted joints 1.00

Girth welds

no backing strips 1.14p

with backing strips 1.34P
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Reassessment only
Poor weld profile
Grinding

Hammer peening
Slot peening

.
i

I'G dressing

Class B curve
(or alternatively 0. 64P)

Class C curve
ternatively 0.76P)
on
150

nb. for wp?d improvement methods no benefit should be taken for

N < 10° cycles.
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APPENDIX A
TUBULAR JOINT CLASSIFICATIONS
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Al. CURRENT HSE

Type awnber, description and
notes on mode of failure Class Explanatory comments Examples, including failure modes

TYPE 7 DETAILS RELATING TO TUBULAR MEMBERS

7.1 Parent material adjacent o thetos of T In this situation design should be
full penctration weided nodal joints, based or the hot spot stress as defined
in section 42,1, 11,02} {5¢¢ this Scction
also for guidance on partial pencteation
welds).

7.2 Parent metal ar the taes of welds F
associated with small (€150mm in the
direction parailel to the applied
stress) attachments to the wbular
member. :

Dirto, but with attachment length F2
> 150mm,

7.3 Gusseted connections made with full F  Note that the design stress must include

penctration or filler welds. (But note that any local bending stress adjacent to the
full penetration welds are normally weld end.
required),

W For failure in the weld throat of fillet
welded joints.

7.4 Parcnt material at the toe of 3 weld F  Stress should include the stress
attaching 2 diaphragm or stiffener to 2 concenration factor due to overal
tubular member, shape of adjoining struczure,

.
.
.
]
+
H
+
.
Y

C6060R09.07 Rev B September 1995 Page A.2 of A.12



Type number, description and
notes on mode of failuce

Class Explanatory comments
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Examples, including failure modes

7.5

[5)
{c)

1G]

Parent material adiacent to the toes of
circumferential burt welds between
1ubes.

Weld made from both sides with the weld
overfill dressed Oush with the surface
and with the weld proved free from
significant defects by non-destructive
examination.

Weld mads from both sides.

Weld mads from one sideen a
permanent backing surip.

Weld made from one side without a
backing strip provided that {ull
penetration is achieved,

in this type of joint the sireus should
include the stress concentration factor
to atiow for any thicknoss change and for
fabricanon wieranco.,

The significance of defects should be
determined with the aid of spedalist
advice and/or by the usc of fracrure
mechanics analvsis, The NDT wechnique
should be selocted with 2 view to ensuring
the detection of such sigmificant
defects,

Note that step changss in thickness are
in general, not permitted under

fatigue conditions, but that where the
thickness of the thicker member is nat
greater than: 1,15 % the thickness of
the thinner member, the changs can be
accommodatad in the weld profile
without any machining.

1.6 Parent material 2t the toes of

dreumferential butt welds between
wbular and conical scetions.

e Lule

Class 2nd stress should be those
corresponding to the joint (vpe as
indicated in 7.5, but the stress must
also inctude the siress concentration
factor due to overalt forem of the joinr

17

Parent material {of the stressed
member) adjacent to the toes of bevel
butt or fillet weided attachments in a
region of stress concentration.

F
ar
F2

Class depends on attachment jength
{see Type 4.1} but stress should include
the stress toncgneration factor due to
overall shape of adjoining strucure,
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Type number, description and

notes on mode of failure Class Explanatory comments Examples, including failure modes
7.8 Parent metal adjacent to, or weld P Inthis situation the relevant stress should

mewad in, welds around 2 penctration include the stress concentration factor

through the wall of a member (on 2 due to the overall geomerry of the detail

plans essentially perpendicular 1o the

direction of stress), Note thac full

penctration welds are normally IS‘I’F&S
requized in this situation

7.9 Weld metal in partial penetration or W The steess in the weld should section xx
{illet welded joints around a penctration include an appropriate siress
through the wall of a member fon 3 concentration factor 1o allow for the
plane sssentially parallel to the overall joint geometry,

direction of stress),

stress
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BOM EL ENGINEERING
CONSULTANTS
A2. Dnv
TYPE T DETAILS RELATING TO TUBULAR MEMBERS
7.1 Parent malsrial adjiacent 1o e Wwes of T in tus siluation gesign should be Zas-
tull penatranen weided codal oinig. &¢ on the hol spol Sirass,
e 2
/f'(( R
\—-‘J‘
[,
S

73 (af Gusseted connections mads with il #2 The design stess muyst nciuds the
penalration welds, stress contentration fadior dus to e
gverall farm of the joint.

»
[
-4
H
73 (b) Gusseted connecions made with filet  #2 The design strass must inciude the H
fledds. stress concentration factor due 10 the S

overal form of the joint for failure in

parant metal

w Ditto bt for failurs i weld throat

74 Parent material at the toe of 2 waic at- F
ehing 3 disohragm o @ fubular mem-
ber
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BOME

ENG TERIMG
CONSULTAMTY

75 Parant mwmterial 2i e foes of gircum-
terantial butl weilds betwean tubes!
(#) Welg macs from both sides dress-
ad fush
{5) Weld made from both sides
{er Waid made om one skl on a

backing bar [ In ait cazes stress must ncluds e
(d) Walg mada from gne side without 2 E Stress concentration fa51or 1o alow for
g bar £ ;nymmsscnangcmdfwhbaa.
bac gon {nlerances.
2
5 ?mn_: materal at the loes of siroum E £hass and sTess are to he those cor-
ferantizl  butt weids Detween tybuiar £ responding 10 the ot typs s indicar-
and conical sections. F2 ed in 7.5, bt the stress must also in-
ciude the Stress cuncentration aglor
due 10 overall foren of the joind. l ’
17 Parent material (of the stressed mern- F Class dapends on attachment length
beri adjacent o the loes ot_'ami h‘utt or {see Typa &1} Dut stress st nciude
or fillal weided attaciurents in 3 region F2 e sirtss comoentration Gctor due o
of £Tuss concemtration. overal shapa of adjoining structure
7.8 Parert metal adiacent to, of welkd manl o In this sihuation e relevant stress
i oweids around & pensiraton wough must inciude the Firess concaniration
e wal ol & memoer on 2 plans s~ factor due to the averall geomatry of
sentizfly perpendicular to the drecton e detail stress
=f sress}
73 Weid metal o partial penatration or & W Tha strass fn tha weid shoukd nciude N
lar wekdedt joints around 2 penetration an appropriate  sress  concentration = -
rough the wall of a member {00 2 factor 1o aliow for the overadl joind geo- Section =X
plane essentiaily paraiel 0 the direc- Ay,
sion of stress -
} 1
Hress
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A3. CAN/CSA

Type number, description, and
notey on mode of failere Class  Faplanatory comnsents Examples, including failure modes

Type 7: Detalls Relating to Tubular Members

7.} Paren? material adiacent 1o the toes of T lev this sitwation, design should be
complete inint penetyation groove welded based on the haot spo? strass.
nodal foints.

7.2 Pareni metal at tha toes of welds H

associated with smadl {2 150 mm in the
direction paraliel to the applied
stress) altachments to the tubular member.

The same, but with attachment length E2
> 1350 mm.
7.3 Gusseted connections made with complete £ The design stress must include any local

Jeint penetration groove or filiet welds. pending stress adjacent 10 the weid end.

Compiets Joint penetration groove welds are

narmaily requiced. .
W For failure in the weld throat of fillet
welded joinis.
7.4 Parent material at tha toe of a weld ¥ Stress should include the stress
attaching a diaphragm or stiffener to a concentration factor due to overadl
twhuiar member. shape of adjoining structure, w*ﬂ?"““ ting
stitlenar s

diapghragm

In this type of joint the stress should
include the stress concentration factor

to atlow for any thickness change and {or
fabrication telerances.

7.5 Parent material adjacent to the toes
of circumierential butt welds between
tubes.

(a)  Wald made from both sldes with the C
weld overfill dressed flush with the surface and

with the weid proved free fram significant

defects by nondestructive examination.

{b)  Weld made from both sides, E

{c3  Weld made from oneside on a
permanent backing strip.

(6} Weld made from one side witheut 2 F2 Step changes in thickness arein
Backing strip, provided that complate joint general not permitted under

peretration groove weid Is achieved. fatigre conditions, bul that where the
thickness of the thicker member is not

gteater than 1.15 x the thickness of

the thinner member, the change can be
accommeodated in the weld profile
without any machining.

7.6 Parent material at the toes of C Class and stress shouid be those

cirgumierentiai butt welds between 13 corresponding to the joint type as

tubular and conical sections. F indicated in type 7.5, but the stress
F2 must also include the stress

concentration factor due to overall
form of the joint,
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Type number, description, and

nates on mode of fallure Class  Explanatory comment Examples, including fallure modes
7.7 Parent material {of the stressad |3 Class depends on attachment length
member} adjacent to the toes of bevel oF (32e type 4.1} but stress should include
groove or fillat welded attachments in a ¥2 the siress concentration facior due to
region of stress concentration. overall shape of adjoining structure,
7.8 Parent metal adjacent to, or weld O in this situation the relevant stress should
rnetaf ley, weidy around a penetration include the stress concentration factor
through the wall of a memnber {on 2 due 1o the overall geometry of the detail.
plane essentially perpendicuiar to the ’ I Stress
direction of stress). Note that complete
joint peftetration groove welds are normafly k% %
required in this situation.
W The stress in the weld should Section XX

7.9 Welkd metat inn partial Joint penetration
or fillet weldad joints around a penetration
through the walt of 2 member (on 2 plane
essentlally paraliel to the dizection of stress).

include an appropriate stress
concentration factor to atlow for E

the overall joint geometry. H

X

1 Stress

C6060R09.07 Rev B September 1995
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Ad. PROPOSED HSE

Leneral comments

BOMEL

TRHGINEERING
CONSULTANTS

</

Since fHlet and partial penctrution butt welds have poor {atigue performance, they sbould be avoided I st all possible for joints where

fatigue i3 a significaat consideration.

Mates on Thickuess Correctivsa Foctor for S-N Curves
The reference thickness 1o be used in the calculation of the thickness correction i1 16 mm for both the T7 and P curve and 38 mm for the

CS curve. Thickneta correction ia bazed on the local thickness et the predicted filure aite.

Description and mode of failure
caticn

Factor

7.} Simple tubular and overlapped
joints, Parent metal adjacznt to, or
weld metal in fllet, partial = or full
peactration welds.

(2} Parent metal adjacent to the toea
of ful penctration welded nodes -
Locations | and 2.

(b) Parent metal adjacent to the root 1.347
of u full-penctration stub to chord

weld - Location 3.

{c) ‘Weld metal in fllet or pantial 2.33P
penciration welded tubular joints sad
doubler plates e.g. anodes, pipe

supports g1z, - Locations 4 and 5.

7.2 Cast stea! joints. Parent metsl or
weld repair metal in cast stezl joints.

cs
curve

{s) Locations within the bady of the
Join.

{1} Pacent metal or weld metal
adjacant 10 the cauting (Lacation 1.

Claasifi-

Ezplanatory commenta

Fatigue design using T* curve is
based on the brace nominal siness
range 5, and the eppropiste hot-
spat SCFs. For location 1 the chord
SCF is used with a thickness

correction based on t,. For location .

2 kezee SCF with thickness
correction based on t, 15 used.

The nominal stress range (5,) in the
chord thould be used with aa
sppropriate SCF and with 2
thickness correction based on k.

For Location 4, the nominal stress
rangs zcross the wald should be
multiplied by the brace SCF. For
location 5, an aszsessment of the
stress range in the weld throst
should be made. In each case, the
thickness correction should be
based on the weld throat thickness

LA

The refercnce thickness for the S-N
cugrve is 38 mm. Referenes should
be made o section 21.2.15 of
Guidance for & general distussion
on the ftigue design of cast steel
joints,

Stross distributions in the joint
should be ealculated using an
sppropriaie method ¢.g. Finite
Element, The thickneis correction
should be bazed on the acwal
thickness at the predictad fatlure
h2:E

Note:
It is posxibic that the lowesnt life in

the joint may not occut at the
maximum stress location due 10 the »
influence of thickness.

These locations should be classificd
s twhular butt joints (zez Type
1.5,

Examples, inciuding failure modes

sEITICN XX

-

B R
T

L
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ERGINEERING
CONSULTANTS
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Dexription and mode of failure Classifi-
cation
Factor

7.3 Ring stifTened snd fully backed

up tubular joints, Parent metal or weld

metal in wbular joints,

{2) Parent and weid matal at the brace 1.14F

to ring intersection - Location 1.

(&) Parcnt or weld metal on the insids {.op
edge of a flat bar or {Ixnged internal
ring stiffener - Location 2.

{c) Parent metsl adjacent to shear §.34p
plate connection to shell, at cope hole

position - Location 3.

7.4 Anachrnents to tubular members,
Parent metal of loaded tubular
members adjacent to fillet, pasial or
full-penctration welded connections of
attachments {loaded or unloaded),

{a) Dimensions of attachmen (1) 1.31P
panallel to streaz < 150 qun e.g. dng
stiffeners.,

) Dimensions of attachment (1) 1.52p
paralizl to stress = 150 mm.

7.5 Tubular bun jointa. Parent and
weld metal at butt welds between
tubular members ¢.3. stub to brace
connections. Changea in thickpess
should be machined to & smooth
transition not stesper than | in 4.,
Changes of lzes than 1.135 times the
thinner member thickneas may be
aczommaodated in the weld profile
without machining.

{3} Weld made from both sides with Q.76P
the weld cap pround fush and the
surface sad the weld proved 1o ba free

from significant defects by NDE.

Explanatory commenta

Riag sti{fened joints should be
initisily classificd a3 simple tubular
joints (see Type 1.1) in uastiffencd
brace o chord inlerscction regions.,
SCFs for stiffoned joints may be
caleulsted using parametsic
squstions, detatied finite clament
analyses, scrylic modcl testy or
other sppropriate techniques,

Streas eanges st thiz location should
be calculated based on the brace
nominsl streas range with an
sppropriate SCF.

Streas rangea at this location should
be calculated based on the brace
nominal stress range with an
appropriste SCF. The thickness
efezt should be based on web or
flange thickness whichever iy
groater.

The nominal stress range in the
chord (3,) should be used with &
thickness correction based on

1.

The.televant stress range is based
on stresy renge in the mbular
member (3 at the sitachment.
The thickness corrcetion should be
based on the thickness t) &t the
actual location of the sttachment.

Long load-carrying sttachments
may requirs special considerations
(see Type 4.13.

The sircxs range considersd should
be that st the actual crack location,
It should include SCF s anising
{rom any thickness change,
fabricstion tolerance {c.g.
mismateh) or due to the everall
form of the joint {e.g. buk joint st
the end of & conical transition
picce). The thickness correction
should be bazed on the wall
thicknezs (1.

For significance of defects sex
explapstory comments fur Type
3.1

Examples, inciuding failure modes

I
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</

Dezcription and mode of failure

(b} Full pencustion weld made {rom
bots sides ¢.f. piles, the larpe ends of
conical ranaitions and the small cnd
where 3 pup-picce s used. Genernlly,
all circumferential welds other than
those i (a} (c-g. leg3) ace considered
in this group.

{c) Full penctration weld mndc‘ from
one side.

{d) Full penctration weld made from
onz side without permancat backing
strip, .z, small end of conical
diameter trensition {unicss & pup-picce
is specifically included in the node, in
which case the remote end of the pup-
pitce will be considered in this way).
All circumfereatial welds in tubulars
of less than 630 mum diameter will be
considered single-sided ~ Location 2,

7.6 Guaseted connections

Pareat and weld mensl in gussetzd
comnmestions.

(3} Parent mzral of pusset plate
adjacent 10 or weld in full penctration
welds connecting a gpussct plate to x
member - Location 1.

%} Parcat metal of & member
adjacent fillet, full or parntial
penstration welded gusseted
copnections - Location 2. Fufl
penetration welds are normally
required-in such joints..

(¢) Weld metai in fillet or partial -
penetration welds attaching & gusser
plate 1o 2 mernber - Location 3.

Clansifi-
cation
Faclor

1.14p

1.34pP

1.529

133p

Explanatory comments

Wheee the condittons of Type
3.1(0) rwoply # clanailicasion fctar
of 1.0F may be used.

The stress range should be that in
the gusset plate {radial 5, or xxial
S, ), including any SCF which
arises from the overall form of the
joint. The thickness carréstion
factor should be calculated using
the gusset thickness ().

The nominal stress range (S,) in the
tubuler member should be uscd
including an appropriste sircss
concentration factor duc to the
overall form of the joint (e.g. SCF
for end of pussct sttzchment).

The shear stress range across the
weid thiroat should be used,
together with any SCF arising from
the overail form of joint. The
thickness carreotion thould be
based on the weld throat thicknes

.

Examples, includiag failure modey
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R
Cescription sad mode of failure Clazaifin Explanatory commants Examples, including fsiluec mades -
cation
Faclor

7.7 Pencirations. Parest mctal
adiscent W s penctration or hole in a
member and the weld metal around a
penetration.  Full penctration welds

are recomynended in this situation.

(s} Preent menal of & whular, adjacemt  1.OP
to a ponetration - Location §. Crick

s islly perpendicular to the

dircction of appiied stress (S).

(b) Weld meul ia a fillet or pactial - 2.54p
pensiration weided joint around a
penetration - Locatioa 2.

7.8 Pii¢ shear conneziory. Parent
metal adjacent to, or weld metal in
pile shexr connsctors.

Pareat mets] adjacent 1o pile shear 1.33P
connecion inside or outside the
grouled coaneetion - Location 1.

The stress range used should
inciude a SCF arhing {rom the
detsi] iaking full account of
stiffening eflect of the penstration.
The thickness correction should be
based on the plate thickneas.

The shesr stress zoross the weld
throet should be uzed, including
any SCF's due to the geometey of
the detail. Full account should be
taken of the stiffening effect of the
peastration. The thickness D,
correction factor should be based LP

o the weld throat thicknzss (). Saclon x-x

F'—"'s

Weid bead
The meximuen str23x range in the
sccticn of the pile with shear
connectors should be used in Half rcund
conjunction with a thickness
correction {actor based oa the pile

wall thickness (1),

C6060R09.07 Rev B September 1995
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APPENDIX B
INTTTAL SCREENED DATABASE OF SIMPLE TUBULAR JOINTS
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